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Abstract 
Chital deer (Axis axis) have been present in the Burdekin district of northern Queensland for more 
than 130 years, but increases in abundance and distribution have been modest compared with other 
species of deer introduced to Australia. This population, originating from four founder animals in 
1886, had grown to approximately 32,000 by 2014, located within about 100 km of their original 
release. Within this range chital are patchily distributed in the landscape, with localised densities of 
> 170/km2 within a broader environment where their density is very low (< 1.5/km2). The tropical 
environment is highly seasonal in terms of rainfall and forage resources with annual nutritional 
bottlenecks as well as forage shortfalls due to multi-year droughts. The annual rate of increase in 
chital abundance of < 7% suggests a suboptimal match between the introduced species and its new 
environment, which is the tenet of this study. The specific research questions addressed in this 
thesis were:  
1. What factors have limited the increase in chital numbers since 1886? 
2. What factors contribute to the observed patchiness of chital in the environment? 
This study focuses on the spatial and temporal influences of nutrition which are central to the 
success of ungulate populations. Strategies that maximise nutritional outcomes positively influence 
body condition, reproduction and drought resilience. This study estimated dietary intake by plant 
species over the wet and dry seasons of two consecutive years using macroscopic examination of 
rumen contents of 162 chital. Food plants consumed were assigned a preference by comparing their 
proportional intake with pasture composition estimated using step point surveys over wet and dry 
seasons. Chital were principally grazers during the wet season at a time when the nutritive value of 
grass was high but altered their preference to forbs and shrubs during the dry season according to 
plant phenology. The change in strategy from wet season grazer to dry season browser according to 
diet quality was not sufficient to maintain a stable nutritional intake. Body condition measurements 
of kidney fat indices and bone marrow fat percentages taken from the 162 chital indicate body 
condition declined during dry seasons. 
Reproduction in chital was found to be essentially aseasonal in northern Queensland at 19° S, which 
aligns with reports from equatorial regions where they originate. Although 77% of births occur 
during the five months from November to March when nutrition is optimal, the remainder are 
apparently born during a period when nutrition is both less available and poorer in quality. This 
aseasonal reproductive strategy is common to ungulates that evolved close to the equator and 
appears to subject calves born during the dry season in northern Queensland to increased risk of 
starvation due to lactational failure of dams. 
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Variations in chital density are stark within the Burdekin region and my findings indicate animal 
densities align with mineral concentrations in soils and food plants. Differences in soil phosphorus 
and sodium in plants between areas chital utilise in ‘high’ and ‘negligible’ densities suggest that 
these may be determinants in habitat selection by chital. Low concentrations of zinc in both food 
plants and chital sera suggest that zinc may be a limiting nutrient for chital. 
The study period of 2014 and 2015 coincided with below-average rainfall sufficient to cause 
reductions in the populations of cattle and free-living macropods. The combined average density of 
the three principal species of macropod fell approximately 45% from 2014 while the decline in 
chital on the two study sites fell by approximately 80%. Animal density fell in accordance with 
body condition of chital and modelled predictions of available forage. It is proposed that periodic 
drought mortality may be one of the factors limiting the expansion of chital herds in northern 
Queensland. 
Chital in northern Queensland are perceived by landholders to compete with cattle for grass, and 
limit the dry season fodder available to cattle. The present study uses an ‘energy model’ to predict 
the seasonal intake of grass by both cattle and chital, and quantify the impact of free living chital on 
cattle production. The grass consumed annually by 100 chital could support an additional 25 cattle 
during the wet season and an additional 14 cattle during the dry season.  
Findings within this study support an assertion that nutritional shortfalls have contributed to both 
the slow rate of increase in chital abundance and the observed variation in their density. 
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Chapter 1 Introduction: Chital as an invasive species 
1.1 Thesis structure 
Chapter 1. An introduction to chital occupation of northern Queensland, including the observation 
that as an invasive species they appear to pose only a moderate threat to agriculture and the 
environment through population expansion. Chital populations have increased at a rate of less than 
7% annually since introduction in 1886 and occupy defined areas in resident herds. Their spread has 
been modest and their distribution is patchy. The thesis aims to describe the reasons for the low 
relative abundance and patchy distribution of chital in terms of the spatial and temporal effects of 
nutrition on their body condition and reproduction. 
Chapter 2. Description of the study area including the predominant land use of extensive cattle 
grazing. As cattle and chital are both ruminants they would be expected to share many of the 
environmental and nutritional limitations. Cattle nutrition is relatively well studied in this area and 
provides a basis for the study of chital ecology. 
Chapter 3. The literature review describes the methods used by researchers to study diet 
composition of herbivores, pasture availability and quality, diet preference, mineral nutrition and 
body condition. 
Chapter 4. The seasonal diet and food preference of chital provides an analysis of plant intake by 
species and proportion over the wet and dry seasons of two consecutive years on two properties. 
This was accomplished by macroscopic examination of rumen contents from 162 chital, and step 
point analysis of pasture composition on areas grazed by chital. Forage intake changed seasonally 
with the diet being principally grass (95%) in the wet season reducing to approximately 50% grass 
during the dry season. Preference ratings of food plants (grass, forbs and shrubs) are determined 
from food intake as a proportion of availability in the environment. Chital display a positive 
preference toward grass during the wet season while avoiding forbs and shrubs and reversing this 
preference during the dry season with the change related to diet quality and plant phenology.  
Chapter 5. Reproductive output of wild chital was determined from the foetal weights and lengths 
of 25 foetuses from 46 adult female chital recorded by RIDGE (Research into Deer Genetics and 
Environment) in 2009 and 2010. The age at first mating, seasonality of breeding, fecundity and 
maximal rate of increase were estimated from these data. The seasonal timing of reproduction is 
discussed with respect to the 23% of calves born during the dry season when survivability of 
juveniles would be expected to be lowest. 
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Chapter 6. Mineral availability in plants and soils are related to the patchy distribution of chital in 
the environment and their modest success in northern Queensland. Variations in the concentrations 
of minerals in the soils and food plants are compared between habitats chital occupy with those they 
do not. Phosphorus in soils and Na, Mg, Mn and Fe in grasses were significantly higher in areas of 
high chital density. Serum from 39 chital suggests that Zn may be limiting in their diet. Evidence 
suggests that Na may be a determinant in the distribution of chital. 
Chapter 7. Body condition was measured using kidney fat indices and bone marrow fat percentage 
over the wet and dry seasons of two consecutive years when the annual rainfall was approximately 
50% less than the 20-year average. The decline in bone marrow fat to levels associated with 
starvation in other ungulates was coincident with the recorded decline of the chital population by 
approximately 80% on the two properties studied. 
Chapter 8. Landholders in the Burdekin district perceive that chital compete with cattle for grass 
and although grass is not limiting during the wet season it is commonly limiting during the dry 
season. Using an energy model and assuming a maintenance diet for both cattle and chital, the 
seasonal intakes of grass by both species was calculated on a dry matter basis. During the wet 
season cattle consume four times the amount of grass as chital and during the dry season consume 
seven times as much.   
Chapter 9. The change in diet intake, preference between seasons and advantages of this feeding 
strategy in maximising the quality of their diet are discussed. The demonstrated and likely effects of 
suboptimal nutrition on body condition and reproduction are likely contributors to the low historical 
rates of increase. The contribution that mineral availability might make to distribution is discussed. 
The explanation offered for the observed distribution of chital is the wide fluctuation in mineral 
availability on small spatial scales. Chital abundance appears to be negatively affected by seasonal 
and multiyear rainfall patterns which limit food availability and influence both reproductive success 
and survival of individuals including adults.  
1.2 Chital as an invasive species 
In Australia there are thought to be 25 species of free ranging introduced mammals (Bomford & 
Hart 2002) which have persisted from a far greater number of planned and accidental releases 
(Bentley 1978; Long 2003; Moriarty 2004). Natural spread and relocation of these species have 
resulted in populations of invasive species across most of the continent. In the case of some species, 
such as rabbits (Oryctolagus cuniculus), pigs (Sus scrofa) and goats (Capra hircus), their ability to 
exploit different environments has led to their naturalisation (Falk-Petersen et al. 2006) across vast 
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areas of Australia. Coincident with their success has been the negative impact on native wildlife 
communities and agriculture (Norris et al. 2005). 
The success of some introduced species has not been replicated by others. Of the 18 species of deer 
introduced to Australia in the late 19th and early 20th centuries, six remain (Davis et al. 2016) as 
self-sustaining populations. The six introduced deer species in Australia are thought to number 
about 200,000 individuals in comparison with three million feral goats, five million feral donkeys 
(Equus asinus) and 20 million feral pigs (Moriarty 2004).  
Deer in Australia are thought to be increasing in their abundance, and expanding their distribution 
(Davis et al. 2016). The possibility that the current expansion of deer numbers in Australia 
represents the beginning of a sustained rise has caused researchers, conservationists and land 
managers to respond to the potential of deer as an invasive species. This concern has precedent 
worldwide where deer populations of various species, both native and introduced, have increased to 
levels sufficient to cause significant environmental damage (Côté et al. 2004) and compete with 
domestic livestock for food (Chapter 8). Bioclimatic data which matches animal species to suitable 
environments suggests all deer species in Australia have the potential to expand beyond their 
current distribution (Moriarty 2004). Estimates for chital suggest they could inhabit areas of tropical 
and subtropical Australia from the east to the west coasts above an approximate latitude of 21.1S, 
covering roughly one third of the continent (Davis et al. 2016). The extent to which this might 
realistically occur is not known, but would be expected to relate to climate and additional factors of 
habitat, nutrition, predation, and tolerance by people. The invasive characteristics of different deer 
species are habitat dependent and the threat one species may pose in a particular environment is not 
likely to hold true across a range of environments. The rate of change of deer populations would be 
expected to occur at far different rates across different habitats. In Australia there is a paucity of 
research on deer ecology and their impacts (Davis et al. 2016) which limits objective decision 
making in deer management.  
Chital deer, Indian spotted or Axis deer (Axis axis) was the first deer species introduced to 
Australia, originally to New South Wales in the early 19th century and subsequently in at least six 
liberations of an estimated 50 animals (Bentley 1978). Despite initial increases in the numbers of at 
least two of these herds, the initial five populations released between 1803 and 1870 failed. These 
releases occurred between southern Queensland and Victoria and no information to explain their 
decline can be found. In 1886 chital were released on Maryvale station north of Charters Towers in 
Queensland and spread into the surrounding district. This original herd was, until the mid-1990s, 
the only free-living chital herd in Australia and is still the largest. Farm escapes and intentional 
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releases since that time have resulted in a further 27 free living populations in four states across 
eastern Australia (Moriarty 2004).  
The contribution of chital to the national figure of 200,000 deer is a broad estimate, with Moriarty 
(2004) suggesting about 13,000 in 2004 while Brennan and Pople (2016) estimated about 32,000 in 
2014 in the Charters Towers herd alone. Compared with other cervid introductions to Australia, 
estimates of chital numbers are less than all but one of the six extant species released in similar 
numbers before 1900. Population declines in chital during the period of this study (Chapter 7) 
suggest that the northern Queensland herd has declined since the 2014 estimate. Deer are difficult 
animals to survey (Amos et al. 2014), but in the context of large mammal introductions to Australia 
the success of chital in the past 130 years has been modest.  
The Charters Towers chital herd has peculiarities of distribution and population growth which form 
the questions guiding this research. Despite a calculated intrinsic rate of increase of 0.23 (Chapter 
5) which suggests a maximum rate of population increase of 26% annually, the founder population 
of four animals has only expanded to about 32,000 over 130 years. This increase of 6.9% per year 
describes a species sustaining a modest rate of population growth. From the point of release on 
Maryvale Creek, chital have spread only about 100 km, with an abundance which varies from 
> 170 km2 in discrete areas to negligible densities (< 1.5 km2) in the broader region. Chital appear to 
occupy specific areas in resident herds which do not migrate and they occupy those areas to the 
exclusion of similar adjacent areas over long periods. 
1.3 Specific research questions  
The research questions that form the focus of this thesis are: 
1. What factors have limited the increase in chital numbers since 1886? 
2. What factors contribute to the observed patchiness of chital in the environment? 
As with other deer populations in Australia, little peer-reviewed information exists on their ecology, 
abundance, evolving distribution or impacts (Davis et al. 2016). Potentially within this region where 
chital are currently found no single environmental factor will account for these observations of 
distribution and abundance. Contributors to the observed dispersal (i.e. spread) and distribution 
might include restrictions on the distribution of plants that contribute to their diet, water availability, 
predation by wild dogs, seasonality of feed supply, deficiency of soil nutrients such as phosphorus, 
and resultant fatalities due to botulism, mineral availability in food plants, and other factors. 
Through specific studies of diet, reproduction, mineral nutrition and response to drought, this study 
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aims to explain what specific factors or combinations of factors have resulted in their limited spread 
and patchy distribution. 
1.4 Chital spread in northern Queensland since 1886 
Since their release in 1886, chital have been variously afforded legislative status ranging from total 
protection to declared pest. The current status of wild chital deer in Queensland is as a class 2 pest 
which acknowledges their potential as an invasive species. At property level landholders have 
viewed their presence with affection during times of low relative abundance (Bentley 1978), 
affording them some degree of protection for at least the period to 1978. More recently attitudes 
have changed substantially, with chital increasingly seen as a threat to grazing resources (Brennan 
& Pople 2016). 
Information on the historical distribution and density of chital in northern Queensland is incomplete 
and largely anecdotal. A landowner survey conducted in 2016 by Biosecurity Queensland compiled 
the observations and views of a total of 58 respondents from within the chital range. The average 
estimate of chital populations per property in 1990 was < 15 animals, increasing to > 250 by 2016. 
Respondents noted the most significant increase in numbers occurred since 2010, although sightings 
had reduced since the onset of drought in 2013. The distribution of chital is thought to have 
increased most particularly since 1990. Deer abundance was thought to be greatest along creek 
lines, creek flats and close to homesteads. The primary impact of chital was thought to be 
competition with livestock for fodder.  
 
Plate 1. Chital stag and hind northern Queensland.  
Photo: M. Brennan 
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Chapter 2 Description of the study site 
2.1 Regional land use 
The study area is situated north of Charters Towers (Figure 2.1) within the northern catchment of 
the Burdekin River, which is Australia’s fourth largest river by volume of flow (Brown 1983), 
reaching the east coast some 320 km to the southeast. This area is characterised by soils of low to 
moderate fertility that support both eucalypt woodlands and open grasslands (McIvor 2012). 
Extensive cattle grazing accounts for 90-95% of commercial land use, with the average property 
size being 30,000 ha, running an average 3,400 head of cattle at an average carrying capacity of  
4-20 ha/animal (McIvor 2012). 
  
Figure 2.1. (left) Map of Australia with inset denoting study region; and (right) regional map showing Charters Towers 
and surrounds including properties Spyglass, Niall, Gainsford, Maryvale, Bluff Downs, Toomba and Omara.  
Adapted from: Earthstar Geographics, State of Queensland (Department of Natural Resources, Mines and Energy) 
2019. 
Development of the cattle industry in this area began in the late 1800s but was affected by the 
spread of the cattle tick (Rhipicephalus [Boophilus] microplus) in the 1890s and 1900s (McIvor 
2012) along with the extensive Federation drought (1895–1902). Introduction of chital to the district 
occurred in 1886 during the early years of pastoralism.  
In the context of the study area north of Charters Towers, chital represent a large herbivore 
additional to cattle and macropods in a rangeland environment not managed for conservation 
values. On cattle properties the land management priority is the maximisation of cattle production. 
Graziers in this region face the annual challenge of managing grassland reliant on monsoon rain 
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through a dry season typically lasting seven months while their cattle are competing with chital and 
macropods for the same feed resources. In addition, there is year-to-year variation in pasture 
biomass with years of subnormal rainfall leading to forage shortages which influence the numbers 
of domestic and wild herbivores in the district. The grazing industry responds to drought by 
destocking and reducing cattle numbers (Landsberg et al. 1998) and macropod populations decline 
(State of Queensland 2018). Thus food availability influences the abundance of wild and domestic 
herbivores and diet is likely to be central to understanding the spatial occupation of this region by 
chital.  
2.2 Study site 
The principal study sites were two properties situated within the established chital range, but with a 
different history of establishment of chital. Both Spyglass and Niall stations are run as extensive 
beef breeding enterprises tailored largely to supplying animals to the live export cattle trade. These 
two properties were selected as study sites as they were relatively close – 50 km apart – so they 
experience similar climatic conditions; however, they have different soils, vegetation and chital 
densities that allow for a comparison of the ecology of chital in different landscapes in close 
proximity (Figure 2.2). 
Both properties have similar rainfall both in absolute terms and in terms of seasonality. Both 
properties are similarly managed with the production focus on breeding rather than fattening cattle. 
Cows are joined to coincide with spring rains in October and November, with the majority of calves 
born in September of the following year. Access to paddocks and yards is limited during the wet 
season which means that cattle sales occur during the dry season. 
The sampling period from October 2014 to March 2016 was drier than normal in northern 
Queensland, with the study sites receiving rainfall approximately 33% lower than the long-term 
average (BOM database). The effect on available forage caused the total destocking of cattle on 
Niall by 2015 and a 40% reduction in cattle numbers on Spyglass.  
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Figure 2.2. Location of Spyglass, Niall and Maryvale stations. Red lines indicate direct distances between Niall and 
Maryvale (15 km), and Niall and Spyglass (34 km).  
Source: Google Earth. 
Niall Station 
Niall Station is a privately owned grazing property of 43,200 hectares 170 km north of Charters 
Towers (19 25.14S, 145 18.37E). Niall has a mixture of red and black basalt soils, with the 
predominant tree species being ironbark (Eucalyptus crebra), box (E. persistens) and wattle (Acacia 
argyrodendron). Pasture is comprised primarily of native grasses (Dactylocteninm radulans, 
Cyperus sp.) and in average rainfall years has a carrying capacity of 4,500 cattle. In poor years this 
carrying capacity can be dramatically reduced and the property was totally destocked during the 
drought of 2015.  
Niall is situated 20 km from the original release site of chital at Maryvale station (19°33.23S, 
145°15.42E) in 1886. Both properties are intersected by Maryvale Creek, which provides 
permanent surface water and is potentially a corridor for expansion of the chital population. Chital 
have contributed to the commercial enterprise at Niall by various degrees since the 1970s through 
live capture for subsequent sale, safari hunting and limited harvest for both human consumption and 
pet food (D. Lyons 2015 pers. comm., March 16). Attitudes to the presence of chital have changed 
over time according to their commercial return, impacts on cattle grazing, and the outlook of the 
incumbent manager. The view held by the current owner is that chital are a net impost and, since 
purchasing Niall in 2014, he has facilitated the culling of more than 600 animals. Although this has 
been in the context of a debilitating drought, the landholder intends to reduce chital numbers as far 
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as practical for the sake of grass conservation into the future (D. Lyons 2015 pers. comm., March 
16).      
Spyglass Station 
Spyglass Station is a beef research facility owned and operated by the Queensland Department of 
Agriculture and Fisheries. The property is a government-supported enterprise with a focus on 
innovation in genetic advancement and adaptive grazing strategies applicable to cattle production in 
the dry tropics. 
Spyglass is 38,200 hectares located 110 km north of Charters Towers (19° 29.35S, 145° 41.11E). 
The carrying capacity is 4,000 adult cattle with frontage to the Burdekin River. Land types are 
predominantly narrow leaved ironbark and yellowjacket (E. similis) with a mixture of native (D. 
radulans, Cyperus sp.) and introduced (Cenchrus ciliaris, Urochloa mosambicenis) grasses and 
improved pasture legumes (Stylosanthes scabra, Chamaecrista rotundifolia). 
Although chital were first observed on Spyglass in the 1960s, the manager since 2012 reported a 
change in chital abundance from occasional individual sightings to frequent sightings of herds 
exceeding 20 animals (Steven Anderson 2015 pers. comm., March 15). 
Sampling on a lesser scale occurred on additional properties within the district: Bluff Downs, 
Gainsford, Omara Maryvale, Toomba and The Bend. These properties were similar to Niall and 
Spyglass in terms of size, vegetation and soil type, pastoralism and habitation by chital. Soil and 
vegetation samples for mineral analyses were taken from Gainsford, Omara, Maryvale and Toomba. 
Data were collected on reproductive output of chital on Bluff downs by RIDGE in 2010 and the 
results are analysed and discussed in Chapter 5. Serological samples were taken from chital culled 
during routine management on Gainsford, Maryvale and The Bend in 2017 for mineral analyses.  
2.3 Economic cost of chital to cattle grazing enterprise 
Of interest and relevance to land managers in the Burdekin Dry Tropics is the extent to which chital 
impact the local cattle industry. Utilisation of grass by chital is most pronounced (~95% of intake) 
in the wet season and drops to approximately 50% of intake during the dry season (Chapter 4). 
Cattle in contrast consume grass almost exclusively year-round regardless of changes in the 
seasonal quality of grass. Their ability to utilise cellulose from poor quality pasture in large 
quantities enables them to better utilise roughage than mixed feeders. Cattle nevertheless require 
adequate quantities of grass throughout the year. Although during the wet season grass is abundant 
and chital do not pose a limitation to cattle, the grass that chital eat during the wet season is not 
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available for cattle during the dry season. Overlap in diets between chital and cattle support 
landholder perceptions that chital represent an emerging source of competition for grazing 
resources. Limitations to sustainable pasture conservation arise due the difficulty in controlling non-
domestic grazing animals. The degree to which this occurs on some properties is determined by 
chital density, which influences decision making with respect to their control as pests.  
2.4 Nutritional limitations to cattle production 
Both chital and cattle (Bos indicus) are ruminants and would be expected to generally face similar 
environmental and nutritional challenges. As cattle nutrition has been studied in some detail in this 
area it provides a basis for the study of nutrition of chital. The dry tropics of Queensland are 
recognised as having a period prior to annual rains when cattle production is severely limited by 
nutrition, and managers face the challenge of maintaining livestock weights or in many cases 
minimising weight losses (McIvor & Orr 1991). This nutritional bottleneck represents a predictable 
obstacle to cattle management and a time of increased competition among large herbivores, i.e. the 
cattle, chital and macropods dependent on forage resources diminished in terms of quality and 
availability (Poppi & McLennan 1995).  
The area experiences seasonal patterns of rainfall and pasture growth. Average annual rainfall is 
approximately 640 mm, 80% of which falls in the five months from November to March. Average 
maximum temperature for December is 34.5 °C while average minimum temperature for July is 
11.5 °C (Commonwealth of Australia, Bureau of Meteorology 2019). This summer rainfall pattern 
leads to rapid pasture growth followed by a predictable winter season, during which perennial 
grasses dry to hay and new growth of all vegetation is minimal. From April to October the area 
experiences an increasing scarcity of grass as well as a decline in the quality of the grass that 
remains. Cattle production relies on high summer grass growth and effective conservation of this 
resource through to the next wet season.  
The primary limitation to weight gain and reproduction of cattle is availability and quality of grass. 
As the dry season progresses, grazing pressure by cattle and other herbivores reduces the grass 
available in these rangelands, and the quality of remaining grass deteriorates in terms of its 
digestibility, metabolisable energy, and protein content (Poppi & McLennan 1995). Management of 
grass resources in the dry tropics is achieved by moderating stocking rates to conserve available 
grass through the dry winter and supplementing for specific deficiencies in the pasture (McIvor & 
Orr 1991). 
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Cost-effective supplementation of feed to cattle is based on determining and providing limiting 
nutrients in a form that is palatable to cattle. The supplement may change according to the growth 
stage of the pasture, soil types, and class of stock. Assuming some grass or stem is available, the 
primary limiting nutrient supplemented during the dry season is protein (Poppi & McLennan 1995), 
with phosphorus and sulphur commonly included in the ration. Supplementation is commonly 
delivered using a mixture of non-protein nitrogen and molasses to address a protein deficiency in 
the pasture and provide an energy source for ruminal microbes respectively. Common practice at 
Spyglass and Niall is to commence supplementary feeding around June according to pasture 
condition and cease at the commencement of storm rain around November.  
The reproductive performance of the cattle herd is directly related to nutrition and weight gain 
(Burns et al. 2010). Normal oestrus cycles in heifers and cows are dependent on heifers reaching 
target weights and cows overcoming lactational anoestrus respectively. These objectives are 
associated with a rising plane of nutrition and gains in body weight (Holroyd & Fordyce 2001). As 
seasonal long day breeders, the oestrus activity of cattle is most pronounced in spring and summer, 
following the dry season of nutritional stress. Supplementary feeding of breeding cattle in the dry 
tropics aims to increase live weight and consequently increase oestrus activity and fertility. 
Weaning rates of 80 calves per 100 cows are achievable, according to Burns et al. (2010), but 
dependent on rainfall. Bovine calves are predominantly born in spring when nutrition for lactating 
females is optimal, in contrast with the aseasonal pattern of reproduction in chital (Chapter 5). 
About 70% of northern Australia is phosphorus deficient to some extent, with this being the most 
significant mineral deficiency to affect the cattle industry (Meat & Livestock Australia 2006). 
Phosphorus is most likely to be a primary limiting nutrient during the wet season when nitrogen 
(protein) is available from growing pasture. Both study sites, i.e. Niall and Spyglass, are deficient in 
phosphorus. This deficiency manifests in the tendency of cattle and deer to chew bones and antlers 
in an attempt to obtain the phosphorus they crave (N. Brown 2017 pers. comm., March 31; Plate 2). 
Oesteophagia has been observed in chital elsewhere in all seasons and among both sexes of all age 
classes (Barrette 1985). 
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Plate 2. Antlers showing signs of chewing by animals.  
Photo: K. Watter 
Other than pica, phosphorus deficiency manifests in ruminants as suboptimal growth and 
reproduction to an extent proportionate with the extent of the deficiency (Jackson 2012). Both Niall 
and Spyglass include phosphorus in the supplement offered to cattle during the winter. Although the 
supplement is offered routinely to cattle and accessible to chital, neither manager reports ever 
having seen deer access this supplement (S. Anderson 2015 pers. comm., March 14).  
As a direct consequence of chewing bones and carrion, cattle expose themselves to ingestion of pre 
formed toxins produced by the bacteria Clostridia botulinum. This toxin causes botulism, a 
progressive and commonly fatal disease affecting many species. Where phosphorus deficiency leads 
to significant bone chewing in cattle, outbreaks of botulism have caused fatalities in cattle (NSW 
Department of Primary Industries 2018). Management of botulism in cattle on both Niall and 
Spyglass is achieved by routine annual vaccination which is effective in mitigating losses. Only a 
single reference to botulism in deer can be found in the literature, when 24 farmed deer including 
one chital died in south east Queensland due to hay contaminated with infected rats (Chamberlain & 
Thomas 1995). The worldwide occurrence of botulism in free ranging chital is unknown. 
As well as the quality and availability of forage limiting cattle production there are specific non-
nutritional factors which impact production. These are discussed in the next section. 
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2.5 Non-nutritional limitations to cattle production 
A major perceived impediment to cattle production is the level of predation by wild dogs. Although 
the true losses from dogs are unknown, managers from both properties report the incidence of dog-
bitten calves at about 2% (S. Anderson 2015 pers. comm., March 14). On both properties wild dog 
control is conducted by aerial or ground 1080 (sodium fluoroacetate) baiting campaigns twice 
yearly as part of an integrated program including several properties.  
The contention that wild dog baiting regimes result in less calf predation is not uniformly supported 
by the literature. Studies in southern Queensland where comparable sites are either baited or not 
baited indicate that where baiting occurs calf predation may increase (Allen 2014). This is attributed 
to a possible social dysfunction among dogs following fatalities of one or more individuals in the 
pack. No account is made by graziers for the extent to which wild dog populations limit macropods, 
which as specialist grazers are direct competitors to cattle for pasture. Identification of prey species 
from wild dog scats (faeces) indicates that medium to large macropods comprise a significant part 
of wild dog diet (Allen et al. 2012). 
The level of predation of chital by wild dogs in the Charters Towers area can be assumed to be 
significant. Chital hair was found in > 40% of wild dog scats recovered from Spyglass and Niall in 
a study conducted during 2016 (Pople et al. unpublished) although no distinction could be made 
between chital killed or scavenged by dogs.  
Across both study sites there are highly visible populations of wedge-tailed eagles (Aquila audax) 
which prey on macropods and birds, and to some lesser extent reptiles and young livestock 
(Leopole & Wolfe 1970). Anecdotal evidence suggests that predation of chital by eagles is not 
uncommon. In the course of collecting rumen samples during the autumn of 2015, an eagle was 
observed attacking a sub adult male chital (K. Staines 2015 pers. comm., March 19). The extent to 
which eagles impact chital populations is uncertain.  
In summary, all of the constraints on cattle production on the study sites are potentially limitations 
to the success of chital to breed and grow. This applies to those areas that currently support chital 
populations as well as those local environments not currently supporting deer.  
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Chapter 3 Literature review  
 
Plate 3. Chital herd grazing, Maryvale 2010.  
Photo: S. Robinson 
3.1 Recognised methodologies for herbivore diet analysis 
In order to understand the niche an animal occupies in the landscape it is necessary to know what 
that animal eats. Herbivores utilise grass and/or browse items in their diet according to their 
morphophysiology (Hoffman 1989), and grasses and browse items differ in growth patterns, 
chemical and physical composition and the ease of digestion (Clauss et al. 2008). The range of 
plants utilised by a herbivore determines those environments in which a species can succeed, and 
determines the extent of competition and dietary overlap between herbivores.    
Objective data on herbivore diets may be taken from either the plant community or directly from the 
animal. Determination of herbivore diets has previously been obtained through foraging observation 
(Jackson 1974; Holechek et al. 1982a), forage measurement (Cornelis et al. 1999), faecal studies 
(Nugent 1983; Parker & Richard 2006), and examination of stomach and gastric contents (Anthony 
& Smith 1974; Morse et al. 2009).   
All of the above methods give representative data, although absolute values for feed species eaten 
by weight may vary. McInnis et al. (1983) compared several techniques for diet analysis against 
known intakes fed to domestic sheep. Their contention was that although all methods have 
advantages and disadvantages, there is an underlying correlation between techniques. This is 
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consistent with the large number of published studies comparing techniques for dietary analysis in 
the field (Anthony & Smith 1974; Holechek et al. 1982a; Parker & Richard 2006). In a review of 
techniques used to analyse the diet of roe deer (Capreolus capreolus), Cornelis et al. (1999) 
concluded that the influence of habitat on diet composition was more important than the technique 
employed to determine diet. They concluded that obtaining more data through whichever of the 
recognised techniques was more important than the particular technique itself.  
Each of these techniques will be discussed in terms of their advantages and disadvantages in the 
following sections. Due to the paucity of data on deer, where such information is limited, data from 
other similar sized herbivores, typically sheep (Ovis aries), will be discussed. 
3.1.1 Direct observation 
Direct observation of grazing herbivores has been used to determine forage species utilised and 
preferred (Puglisi et al. 1978); however, difficulties of accuracy with respect to time, budgets and 
plant identification are encountered when observing wild animals in a natural environment 
(Holechek et al. 1982a).  
Studies on grazing sheep have been conducted to compare observed utilisation estimates with 
fistula derived samples. Although results from both techniques correlated, there is a need for 
observers to have site familiarity and experience in order to correctly account for irregular plant 
distribution and the preference animals show in their choice of food (Laycock et al. 1972).  
Jackson (1974) tracked animals through snow covered terrain in Scandinavia to observe those 
plants most recently grazed, but acknowledged the limitations of this method. Quantifying the 
amount of plant material consumed is a problem when using observation to determine the diet of 
wild herbivores (Holechek et al. 1982a). 
Dry matter intake can be calculated by measuring time spent feeding on a certain plant species by 
bite rate and size (Wallmo et al. 1973). This ‘grazing minute’ technique was conducted on tame 
mule deer (Odocoileus hemionus) in Colorado where those authors concluded that observers need to 
be within 23 m of a feeding deer to correctly identify more than 80% plant species consumed. 
Accurate observations of wild deer feeding are limited by the degree of observer training, degree of 
species variation within the plant community, and the phenological development of the plants 
(Holechek et al. 1982a).  
While direct observation has the advantage of being inexpensive, with little impact on the animals 
observed (Cornelis et al. 1999), significant challenges exist approaching shy and non-habituated 
16 
animals closely enough to be confident of accurately identifying plant species. Where tame animals 
have been observed grazing, the data has been questioned because of the possible influence their 
habituation may have had on their behaviour (Holechek et al. 1982a).  
3.1.2 Forage measurement 
A number of techniques have been used to study the diet of herbivores by measuring the 
consumption of plant species in an area. Forage consumption by animals through grazing and 
browsing may be determined by measuring the reduction in the size and dry weight of plants that 
comprise their diet (McInnis et al. 1983).  
Grazing behaviours of animals contribute to the difficulty of interpreting forage measurement 
studies. Animals display significant selectivity in their diet. In rangeland environments where 
vegetation types are varied and complex, grazing animals display significant spatial variability in 
their use of habitat (Oreagain & Schwartz 1995), including at the scale of a small one-hectare patch 
and at the larger landscape scale. Within these areas they also select plant species and parts of 
individual plants. The tendency is for animals to re-graze actively growing leaf material (Arnold 
1960) rather than stem, and select certain patches over others.   
Various studies have been conducted around areas of vegetation fenced to exclude one or more 
herbivore species. Comparing relative growth and regeneration of plant species within and outside 
the enclosure gives a measure of grazing pressure on plant species by known herbivores; however, 
difficulty in identifying trace levels of grazing, re-grazing, and seasonally rapid growth of plants are 
potential disadvantages to this method (Cornelis et al. 1999). When interpreting these data, 
allowance must be made for the tendency grazing animals show in choosing regrowth from 
previously defoliated plants over ungrazed plants of the same species (Gammon & Roberts 1978). 
This behaviour results in an under-representation of the amount of those plants grazed in the 
unfenced plots. Due to continuing growth of plants the accuracy of plant sampling is only high over 
short time periods, so limiting the veracity of the technique and potentially making it unsuitable for 
continuously grazed areas (Mayes & Dove 2000). 
Comparing a clipped, paired plot method with oesophageal fistulation and direct observation 
techniques, Laycock et al. (1972) found that caged plot comparisons overestimated the amount of 
fodder eaten by sheep. The difference between 20 caged and uncaged plots measured the amount of 
vegetation eaten by sheep as well as the amount destroyed by them in other ways such as trampling. 
The amount of vegetation eaten by invertebrates was considered significant but not different 
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between caged and uncaged plots. One specific limitation to this technique is ‘invisible utilisation’, 
where plants are pulled from the ground entirely and eaten and so not accounted for in the survey. 
Food preference and availability influence where and over how many sites forage should be 
measured. The spatial and temporal distribution of the diet, as well the size of an animal’s home 
range, also affect study design (Norbury & Sanson 1992). The suitability of different techniques for 
vegetation measurement for diet study depends on the required accuracy and objectives. For broad 
scale assessment of forage utilisation, a subjective estimation of biomass of particular species or 
classes of plants may give sufficient information.  
From a practical perspective the technique relies on excluding known herbivores from fenced areas 
in order to attribute grass and browse loss to particular animals. Enclosures have been designed to 
allow entry of some species while preventing entry of others. Fences that exclude cattle, for 
example, are porous to chital which graze on both sides.  
3.1.3 Stomach content analysis 
The alternative to studying diet through plant offtake is by obtaining samples from the animal itself. 
Studies that derive their data from animal samples accurately reflect the animals’ intake in terms of 
species consumed and relative quantities (Cornelis et al. 1999). 
Samples of ingested food material may be taken from a range of sites along the alimentary canal of 
grazing animals that have been euthanised. Those taken from the oesophagus, stomach and rectum 
are progressively more digested and consequently more difficult to analyse in terms of plant species 
recognition and relative proportions eaten (Norbury & Sanson 1992).  
Stomach content collection 
Examination of stomach or oesophageal contents requires the collection of ingesta from the 
stomach of a dead or immobilised animal, or the collection of samples from a surgically implanted 
oesophageal or ruminal fistula. Samples collected may then be analysed by macroscopic or 
microhistological techniques. 
The advantage of sampling from fistulated animals is the ability to serially sample the same animal 
to determine changes in diet over time. This can be done without harming the animal, although 
surgical intervention restricts use of the technique to domestic livestock (Cornelis et al. 1999). 
Diet studies on African antelope have utilised trocar derived rumen samples from animals 
immobilised using dart guns (Holechek et al. 1982a). Although not without risk of infection, this 
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technique allows for complete recovery without the need to sacrifice the animal. Potentially 
vulnerable and endangered species may be sampled by this technique. 
The most common method of sampling stomach contents of wild herbivores is by collection post 
mortem. This has been achieved by necropsy of opportunistically found road kill (Roberts et al. 
2015), animals culled during control programs (Forsyth & Davis 2011) and animals harvested by 
hunters (Puglisi et al. 1978). Necropsy enables the expansion of samples to include other biological 
material and measurements. The disadvantage to samples obtained by autopsy is that the process 
requires the sacrifice of the animal and that removal of the animal from the population may alter the 
behaviour of those animals remaining.  
The methods employed to collect and process stomach samples vary. Between 500 and 1,000 ml of 
rumen contents from sambar deer (Rusa unicolor) were frozen upon collection (Forsyth & Davis 
2011), while Puglisi et al. (1978) recommended 1,100 ml samples from white-tailed deer 
(Odocoileus virginianus) be preserved in 10% formalin. Samples of 200 ml were taken from feral 
goats from random sites in the rumen and preserved in formalin by Parkes (1984). Neither of the 
former two studies stipulate where within the rumen the samples were taken.  
Methods of stomach content analysis 
The stomach contents of herbivores contain semi liquid plant material macerated to various degrees. 
Recognition of plant material by visual observation varies according to the degree of maceration 
and digestion as well as the original size and nature of the ingested material.   
Stomach content analysis has been conducted by both macroscopic (Anthony & Smith 1974; Puglisi 
et al. 1978) and microhistological analysis (Alipayo et al. 1992; Morse et al. 2009). Both techniques 
allow for the identification of most plant material to functional groups (Puglisi et al. 1978; Forsyth 
& Davis 2011). In both cases a familiarity with the botanical specimens and a reference collection 
are prerequisites. 
Some variation exists among researchers in the methodology for macroscopic analysis of rumen 
samples. Parkes (1984), when sampling goats, and Nugent (1983), who collected samples from 
deer, washed samples through a 4 mm sieve, sorted and dried fragments at 70°C for three days. 
They reported results on a dry weight basis, whereas Anthony and Smith (1974) analysed one quart 
samples and reported their results on a volumetric basis. Puglisi et al. (1978) used 6.35 mm sieves 
to wash 1.1 litre samples and also reported their results volumetrically. 
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The volume of stomach contents and the sieve size employed varies between researchers but is in 
general accord with the size of the animal. Herbivore diets are elsewhere described in terms of 
nutrient or energy value per unit weight of dry matter intake which supports the format of reporting 
stomach content fractions by weight. Analysis of data and conclusions about an animal’s diet are 
uniformly made by proportions of plant components found within the diet.  
Plant fragments from the rumen samples, once washed and sieved, are sorted and identified with the 
aid of a dissecting microscope. Alternatively, point frame techniques have been used to record a 
percentage of plant fragments on a sample tray (Puglisi et al. 1978). Plant fragments are often 
identified to species level where possible, although when not possible fragments can be separated to 
the level of monocotyledon or dicotyledon or unknown (Parkes 1984; Forsyth & Davis 2011). 
Techniques that utilise stomach or rumen contents make the assumption that the results accurately 
represent what the animal ate in terms of both plant species and relative amounts. There is both 
support and conjecture about this assumption (Medin 1970). 
Where plant material is identified and measured by washing rumen contents through a sieve and 
sorting macroscopically (Puglisi et al. 1978; Roberts et al. 2015) the inherent assumption is that the 
composition of plant material caught by the sieve is not significantly different from that portion 
which flows through the sieve. Commonly those larger fragments caught by the sieve constitute 
only a small fraction of the original sample (Medin 1970).  
Sieve sizes used by Forsyth (2011), Roberts (2015) and Puglisi et al. (1978) to separate rumen 
contents from red (Cervus elaphus) and white-tailed deer respectively ranged from 5.6 to 6.3 mm. 
Results obtained from these studies have been used to represent the entire diet of the deer studied on 
the basis of the sample being representative of what the animals ate. 
Analysis of the technique in studies of rumen contents of caribou (Rangifer tarandus) showed that 
plant groups identified differed markedly on the basis of sieve sizes ranging from 0.078 to 0.033 
inch openings (Bergerud & Russell 1964). This was attributed to differential rates of digestion and 
resulted in an over-representation of fungi and under-representation of lichens. Evergreen leaves 
disappeared slowly and twigs were found to accumulate in the rumen. That study acknowledged, 
however, that diet composition of caribou is not similar to other ruminants. In contrast, no 
significant difference was found by Dirschl (1962) in the rumen composition by range or proportion 
of plant species when sieve sizes varied from 2.8 to 5.6 mm. That study was conducted on 
pronghorn antelope (Antilocapra americana) which has a different diet to that of Newfoundland 
caribou. 
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In assessing the variations in the technique of macroscopic examination of rumen contents, Puglisi 
et al. (1978) considered that a sieve size of 6.35 mm and a large number of samples gave a better 
return in terms of data per unit effort than the alternative approach, which would be to use fewer 
samples more intensively analysed using smaller sieves. 
Analysis of plants from rumen samples by micro histological techniques has also been widely used 
to study the diet of wild herbivores (Dawson & Ellis 1994; Morse et al. 2009). This technique 
involves grinding the dried samples to fit through a 500 µm screen and sieving over a 125 µm 
screen. Resultant particles which are of roughly similar size and are partially digested are then 
stained and mounted on microscope slides (Holechek 1982). Plant fragments are identified 
microscopically by comparison with reference samples of known species, ground, artificially 
digested, sieved and mounted on slides. The basis of comparison is the epidermal characteristics of 
leaves and stems. 
For both macroscopic and micro histological techniques there are known limitations and biases. 
Although rumen contents accurately reflect the composition of the recent diet, they fail to allow for 
the change in diets over several days (Cornelis et al. 1999). Additionally, compared with the 
oesophageal fistulation method, rumen sampling tends to be lower in forbs and higher in 
graminoids. This is because differential digestion results in greater cellular erosion and reduced 
discernibility of forbs (McInnis et al. 1983). Comparisons within the literature between macroscopic 
and microhistological techniques used to study herbivore diets highlight the application each has 
according to study species and study objectives.  
A study of elk (Cervus canadensis) diet in North Dakota (Osborn et al. 1997) compared 
microhistological and macroscopic analysis of rumen contents, and faecal analysis. Comparison of 
results from individual animals in the Badlands herd indicated 88% similarity between rumen 
analyses, and 79% similarity between macroscopic and faecal analysis. Neither method of rumen 
analysis identified the majority of plants eaten to species level. 
In a comparative study of moose (Alces alces) diets, Maccracken and Vanballenberghe (1993) state 
that macroscopic analysis of rumen contents gave better identification of forage to species than 
micro histological evaluation of either faeces or rumen samples. There was, however, broad 
correlation between methods, with significant differences only with respect to plants making up 
minor proportions of the diet.  
A Victorian study on the diet of sambar deer (Forsyth & Davis 2011), using both microhistological 
and macroscopic assessment of rumen contents, showed correlations between methods with respect 
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to taxonomic and functional groups. Certain species in the diet were identified either only 
macroscopically or only microhistologically (Forsyth & Davis 2011). This study concluded that 
where identification to species level is essential both techniques should be employed.  
The studies cited concur in the conclusion that both means of analysing rumen contents give similar 
results with respect to determining food items to both taxonomic and functional levels. 
3.1.4 Faecal analysis 
Analysis of faecal samples to determine herbivore diet is a widely used and well referenced 
technique (Anthony & Smith 1974; McInnis et al. 1983). Advantages of this method include little 
disruption to animals and ready availability of samples (Cornelis et al. 1999), and is considered by 
Anthony and Smith (1974) the most appropriate method for sampling rare or secretive animals. 
Faecal analysis requires a collection of slides compiled from known plants, blended, partly digested 
and stained for reference. Faecal pellets are similarly blended, boiled, stained and set on slides for 
microscopic analysis (Anthony & Smith 1974). Identification of plant fragments to species level is 
possible by recognising epidermal characteristics and matching them with those from the reference 
collection.   
Among herbivores, differential digestion of different plants within the diet results in bias when 
using faecal analysis. Compared with rumen sample analysis there is over-representation of 
graminoids and under-representation of forbs and more readily digested plants in faecal samples 
(McInnis et al. 1983).  
3.2 Comparison of techniques for diet analysis 
Studies of the diets of rangeland herbivores are made challenging by the diversity of plants in the 
communities on which they feed (Holechek et al. 1982b). There is significant spatial and temporal 
variability in both forage quality and availability over time and location (Oreagain & Schwartz 
1995), although changes in plant availability and diversity of plant species are not always reflected 
in the diet of grazing animals. Animals display marked selectivity in both the plant species they eat 
over different seasons, as well as that portion of the plant they consume (Galt et al. 1969). Animals 
have been shown to select forage on the basis of highest nutritive quality, which accounts for the 
observations that they consume leaf before stem and young leaves before mature leaves (Chacon & 
Stobbs 1976). Using plant offtake to determine the diet of a herbivore with a large home range 
requires frequent measurement of an extensive area to give confidence in the results. 
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Techniques that are based on sampling animals rather than plants have the advantage of being able 
to estimate the intake of individuals within a group (Mayes & Dove 2000). These methods involve 
taking food samples from some point along the alimentary tract of the herbivore in question. 
Samples of ingested material can be taken from the oesophagus, stomach, rumen, rectum or faecal 
material passed from the animal. Known bias exists for samples taken from different points in the 
alimentary canal based on the degree of mastication and differential digestion. Softer, more easily 
digested plant material is rendered macroscopically unrecognisable at a more proximal point in the 
digestive system than more fibrous lignified material.  
Techniques involving either ruminal or oesophageal fistulation which involve surgical intervention 
and ongoing maintenance of the implant have only limited application in the study of wild 
herbivores (McInnis et al. 1983), despite findings that indicate it is the most accurate method 
available. 
The significant correlation between rumen samples analysed micro histologically and 
macroscopically has been previously discussed. While the advantage of studying diet by both 
techniques concurrently has been proposed (Forsyth & Davis 2011), no significant benefit is 
obtained by using one method over another. The time required to analyse samples by 
microhistological methods is roughly double that of macroscopic analysis, so the latter method is 
preferred for processing large numbers of samples.  
The effectiveness of faecal analysis to determine diet is outlined by McInnis et al. (1983) and 
Homolka and Heroldová (1992), who note two primary biases. Firstly, due to time in the alimentary 
canal, progressive digestion of forbs and softer plant material makes them difficult to identify in 
slides prepared from faecal material. This leads to a loss of diversity of plant species as well as an 
over-representation of graminoids. Secondly, without adjustment for variable digestibility, little 
information can be obtained about the relative quantities of plants eaten by the animal.     
3.3 Suitability of diet study technique for study site 
Many diet study techniques are limited by availability of samples, or by season, or by rarity of 
species. The Charters Towers study site does not have these constraints of limited availability of 
samples. This study afforded the opportunity to collect a range of samples and apply any of the 
techniques described above. Animals could be sampled during discrete and specific time periods, 
enabling accurate comparison of diet by season. Where diet samples or observations are taken over 
a period of weeks they may vary significantly according to seasonal changes in plant availability 
(e.g. due to plant growth or competition from other herbivores) and possibly palatability.  
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Direct observation of feeding chital for periods long enough to give confidence to observations on 
the Charters Towers study sites would have been challenging due to the difficulties of 
approachability. The constraints of observing chital at close range were considered too great to use 
direct observation as a method for this diet study.  
Forage measurement by fencing plots to exclude one or more herbivores from an area has been 
undertaken elsewhere. Chital are not spatially restricted by fences that constrain cattle. Chital are 
readily observed to go under and over fences, which allows them greater ability to select their diet 
from the environment. In the Burdekin dry tropics several other herbivores have the potential to 
breach fences and confound interpretation of the data. Eastern grey kangaroos (Macropus 
giganteus), agile wallabies (M. agilis), spectacled hare wallabies (Lagorchestes conspicillatus) and 
rufous bettongs (Aepyprymnus rufescens) are all endemic to the area and readily pass through 
fences. 
The suitability of forage measurement techniques to achieve the required outcomes for this study 
was limited. The emphasis in this study was to determine as accurately as possible what chital eat. 
The grazing opportunities of chital, in terms of area on which to graze, are large; growth of pasture 
and browse species is seasonal and the overlap in diet with both cattle and macropods likely to be 
considerable.   
It is important for measurement techniques to have a valid foundation, known bias and to be 
suitable for the particular purpose (McInnis et al. 1983; Norbury & Sanson 1992). Where study 
design permits, the use of more than one method provides more accurate data (Forsyth & Davis 
2011), and larger sample sizes give greater confidence to the findings (Cornelis et al. 1999). In a 
study of some 1,100 white-tailed deer, Puglisi et al. (1978) concluded that macroscopic examination 
of rumen contents gave more functional data per research expenditure than other recognised 
methods. Given the objective of determining chital diet across seasons and years with access to 
large sample sizes, this method of rumen sample analysis was judged most appropriate for the 
current study. 
Chital are classified by the state of Queensland as a pest throughout their range and animal samples 
used in this study were obtained from a separate, concurrent study on their population ecology. 
3.4 Vegetation survey 
Pasture and other plant growth in the study area is seasonal according to rainfall. New growth of 
plants determines their quality and availability, both of which are significant factors influencing the 
make-up of chital diet. Several methods of surveying species richness and standing crop have been 
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used in rangeland (Catchpole & Wheeler 1992) according to the need for accuracy and the structure 
of the standing vegetation. Considerations in the choice of method include survey area, time and 
cost of surveys, need for duplication by season and differences between measurers.  
Step point sampling is one of several objective methods available to measure the composition and 
cover of rangeland plants (Evans & Love 1957). Step point sampling offers an efficient means of 
estimating vegetation parameters on a broad scale while maintaining accuracy and species detail. 
Operatives are required to record the vegetation at a fixed point (or pin) on the boot at one-step 
intervals. This information may include plant class, species, height, greenness, leaf litter or the 
presence of bare ground. Survey design using this method can be adapted according to areas or 
specific vegetation characteristics being measured. 
3.5 Estimation of diet preference 
Food preferences of herbivores have been reported from observational studies of hand-reared 
animals (Owen-Smith & Cooper 1987) and wild grazers using binoculars and subsequent 
examination of food plants (Talbot & Talbot 1962) to give qualitative data on species consumed. 
On the other hand, a quantitative approach to diet preference, as taken by Petrides (1975), provides 
an index based on intake according to the relative availability of a plant or plant group in the 
environment. This recognises that a food eaten in greatest quantities (a principal food) may or may 
not be preferred depending on its availability. Application of this method requires measurements of 
relative plant abundance and relative intakes of those plants. In this way preference and neglect are 
measurable but they are not explained in terms of animal decisions such as palatability.  
The method for assigning preference described by Petrides (1975) is that a plant is scored according 
to the extent to which it is eaten relative to its availability in the environment. Plant preference 
scores are centred on 1.00, with scores above 1.00 preferred by the animal and those scores less 
than 1.00 neglected. By this method preferred plants may comprise large or small portions of the 
diet depending on their availability. The forage ratio calculation of Petrides (1975) is criticised, 
however, for the non-symmetrical scale of preference ranging from zero to infinity with a neutral 
index of one, and the subjective assessment of availability. Owen-Smith and Cooper (1987) used an 
alternative measure of encounters between grazing animals and food plants that avoided the need 
for surveying vegetation.  
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3.6 Mineral nutrition in ungulates 
3.6.1 Background to mineral requirements 
Ruminants require at least 17 minerals from two groups categorised according to either gram 
requirements (macronutrients) or microgram requirements (micronutrients). Macrominerals are 
calcium (Ca), magnesium (Mg), phosphorus (P), potassium (K), sodium (Na), chlorine (Cl), and 
sulphur (S). Micronutrients are chromium (Cr), cobalt (Co), copper (Cu), iodine (I), iron (Fe), 
manganese (Mn), molybdenum (Mo), nickel (Ni), selenium (Se), and zinc (Zn) (National 
Academies of Sciences & Medicine 2016). The two considered most limiting to ungulates are P and 
Na (Ceacero et al. 2009). 
Minerals are required in threshold amounts by ruminants for a range of structural and metabolic 
functions and at elevated concentrations are toxic, although for most elements there is a broad range 
of tolerable concentrations (National Academies of Sciences & Medicine 2016). Many forages, 
especially in tropical regions, cannot completely satisfy the mineral requirements of grazing 
animals (McDowell 1985), with P, Na, Zn and Cu the most commonly identified deficiencies. 
Concentrations of minerals in forage plants vary according to concentrations in soil, plant species, 
stage of plant maturation and climate (McDowell 1985), and their uptake by grazing animals is 
further influenced by both animal effects and interactions between minerals (Judson & McFarlane 
1998). Absorption of minerals by animals varies among animals of different ages due to maturation 
of rumen function, according to the mineral reserves of the animal (Judson & McFarlane 1998) as 
well as any physiological state (e.g. pregnancy, lactation) affecting mineral requirement by the 
animal (Ammerman et al. 1995). Biological availability of minerals to animals can be influenced by 
the interaction of elements whose physical and chemical properties are similar enough for one to 
affect the absorption of the other. For instance, dietary Zn fed to sheep reduces uptake of Cu. The 
ability of animals to respond to mineral deficiencies is governed by the requirement that any need 
for a primary limiting nutrient be met first. For example, although P is deficient year-round in 
northern Australia, responses to supplementation are only seen during the wet season when energy 
is not limiting (Ternouth 1990). 
The effects of mineral deficiencies on ungulates range from overt clinical disease to the more 
common subclinical reductions of growth or reproduction (Judson & McFarlane 1998) which may 
not be recognised without measured response to supplementation. Feeding trials in cattle have 
demonstrated a growth response to P (Coates 1994), Na and S (Hunter et al. 1979) in northern 
Queensland. Response trials in wild ungulates are few, although Flueck (1994) demonstrated an 
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increase in fawn production in black-tailed deer (Odocoileus hemionus columbianus) supplemented 
with selenium in California with corresponding increases in serum Se concentrations.  
While there is evidence that ungulates show some behavioural responses to mineral deficiencies, the 
concept of nutritional wisdom (Richter 1943) among ungulates, which suggests a finely tuned 
perception of ‘best’ available nutrition, is not widely accepted (Stephens & Krebs 1986). Food 
items for grazers tend not to be discrete units and are consumed as a mixture of plants which are 
absorbed slowly. Noted exceptions are water and Na. Sodium is the mineral considered most 
limiting in herbivore diets worldwide (Robbins 2012) and is the only mineral to which herbivores 
are actively attracted (McDowell 1985). It is thought to be the principal attractant in natural salt 
licks (Kennedy et al. 1995), and studies support sodium being a determinant of ungulate distribution 
(Belovsky & Jordan 1981; McNaughton 1988; Seagle & McNaughton 1992). Pica, the depraved 
appetite of mineral deficient animals, would appear to be an extreme example of a behavioural 
response to dietary inadequacy (Ternouth 1990).  
3.6.2 Mineral variation in soils and plants 
Mineral deficiencies in grazing stock occur mainly in specific regions associated with low soil 
mineral concentrations or where soil characteristics make minerals unavailable to plants (McDowell 
& Arthington 2005). Physical characteristics of soil (e.g. acidity, moisture and electrical 
conductivity) limit the bioavailability of minerals to plants probably more than the mineral content 
of the soil (McDowell 1985). The further disconnect between soil minerals and minerals available 
to grazers is that plants have requirements for minerals that are not the same as animals’ (Aerts & 
Chapin III 1999). Sodium, for example, which is essential for homeostasis in animals, is required 
and taken up in very small quantities by tropical grasses (Brady & Weil 2017).  
Grazers principally source minerals from plants but they may also be sourced from water or through 
inadvertent or intentional ingestion of soil. Intakes of minerals through incidental ingestion of soil is 
substantial in particular high stocking rate, low sward environments, with intakes for cattle 
occasionally exceeding 1 kg/day (McDowell 1985). The intentional use of mineral licks by wild 
ungulates in Africa (Tracy & McNaughton 1995) and northern America (Hebert & Cowan 1971) 
are considered to be responses to deficiencies of one or more essential minerals present in licks at 
concentrations higher than surrounding soils. Generally, however, grazing animals source minerals 
from plants which in turn absorb them from soils. 
Large variations in soil mineral concentrations in northern Australia (Ahern 1994; McCosker & 
Winks 1994) range in adequacy for cattle from very low to high (Bryant & Harms 2016). 
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Phosphorus, Na and S are generally at levels deficient for cattle production there (Jones 1990), and 
feeding trials demonstrate production responses to mineral supplements (Hunter et al. 1979). In 
pastoralism and among wild grazing animals areas richer in nutrients including minerals have been 
shown to support greater densities of animals (Seagle & McNaughton 1992; Fritz & Duncan 1994).  
Uptake of minerals by grasses within similar substrates varies according to species (Ben-Shahar & 
Coe 1992) and later plant maturity (McDowell 1985), with concentrations of minerals other than Ca 
declining with age due to both dilution and translocation of nutrients to the root systems (Chapin III 
1980). Mineral concentrations in browse species are considerably less variable with season than 
tropical grasses which in their dry, senescent state are deficient in N, carbohydrate and P for 
ruminant livestock. Plant types other than grass vary non-uniformly in mineral uptake due to depth 
of rooting (McDowell 1985), and for most minerals ‘accumulator’ plants are known to concentrate 
specific elements. Some browse species with high Na content (Le Houérou 1980; Seagle & 
McNaughton 1992) have been suggested as important sources of Na for grazers in habitats where 
other food plants are Na deficient.   
3.6.3 Diagnosis of mineral deficiency in ungulates  
Testing for mineral deficiencies in livestock is commonly performed by testing diets (Hall 2011) 
and considering concentrations with published requirements for particular classes of stock 
(Agricultural Research & Commonwealth Agricultural 1980); however, this does not establish the 
bioavailability of minerals, which is influenced by chemical forms of the element, most particularly 
chelation of, and competition/antagonism between, charged particles (Hall & ZoBell 2011). Where 
possible, diagnosis of deficiency is best achieved in animals through analysis of clinical signs, 
tissue concentrations and response to supplementation of animals and classes (e.g. growing, 
lactating) of animals.  
Some mineral deficiencies manifest as unique behaviours, signs, or lesions in animals when dietary 
concentrations are sufficiently low. P deficiency in cattle, for instance, produces signs referable to 
bone demineralisation (resorption of P from bones), including spontaneous fractures, lameness and 
reluctance to move (Ternouth 1990). Also P-deficient ungulates, both wild (Barrette 1985) and 
domestic (Ternouth 1990), display a depraved appetite (pica), and a tendency to chew bones 
(osteophagia) and other material not usually part of the diet. Observational diagnosis of Cu and Zn 
deficiency in cattle can be made on the basis of hair colour changes and distinctive skin lesions 
(McDowell 1985). More usually however, mineral deficiencies are less overt and result in non-
specific losses to production metrics of growth and reproduction. 
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Tissue sampling of animals is usually diagnostic of dietary deficiency but requires consideration of 
the age and class of animal, concurrent but unrelated disease states (Hall & ZoBell 2011), and the 
manner in which a particular mineral is stored in the body (Herdt & Hoff 2011). Minerals have 
different storage and transport pools in tissue (e.g. serum, bone, liver) which means tissue 
concentrations might reflect either immediate or longer-term shortages in the diet. Stores of P in 
bones for instance (Ternouth 1990) and Cu in liver (Herdt & Hoff 2011) are drawn upon when 
dietary intake is insufficient. Homeostatic mechanisms act to maintain vital elements within 
species-specific ranges (Herdt & Hoff 2011) through utilisation of storage pools and short term 
adaptations to minimise losses (as in Na retention from urine) (Blair-West et al. 1968), which may 
confound laboratory diagnosis. Where low level deficiencies are thought to exist, response to 
specific mineral supplementation can be measured in changes to appropriately selected production 
traits (Judson & McFarlane 1998).  
3.7 Estimation of body condition 
When ungulates are limited by a bottom-up process such as nutrition there is a measurable effect on 
body condition which influences both reproductive output and population dynamics (Takatsuki 
2000). Condition of wild ungulates is taken to be a measure or index of fat proportion of the animal 
where its relevance to animal health is more reliable at low rather than high levels of fat. Measures 
of fat in ungulates are both subjective, as in the case of palpating sheep (Suiter 1994), and objective 
by measuring fat from renal, subcutaneous or bone marrow deposits (Riney 1955; Caughley 1970b; 
Anderson et al. 1972). By processing and analysing whole deer carcasses Finger et al. (1981) 
established confidence in the relationship between total body fat and kidney fat indices (KFI), and 
Anderson et al. (1972) demonstrated close relationships between KFI, subcutaneous deposits, and 
femoral bone marrow fat (BMF). Marrow fat extracted from other bones, mandibles (Takatsuki 
2000) and metatarsus (Oosthuizen 2004) have been compared with femurs. Fat from more proximal 
bones is utilised earlier than distal bones.  
Generally the deposition of fat occurs sequentially from bone marrow to renal fat to subcutaneous 
fat (Riney 1955), and utilisation of fat occurs in the reverse. The practical application of this is that 
KFI is a more sensitive indicator of condition when animals are in good condition, but when 
animals are in poor condition BMF is more sensitive (Takatsuki 2000). Although KFI has broad 
application, some criticism of the method stems from findings that fat-free kidney weights in 
caribou varied significantly with age and season (Dauphine Jr 1975). As KFI is a ratio of kidney 
weight to peri-renal fat, its use in caribou may be limited to within season comparisons.  
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3.8 Energy requirements of chital  
Competition between large herbivores on rangelands is complex and analysis involves the degree of 
direct dietary overlap between species over annual cycles of pasture growth (Munn et al. 2009). 
Herbivores display differing spatial grazing habits to support their energy requirements, which vary 
with animal type (growing, lactating), and their species-specific basal metabolic rate. Although 
comparisons between basal metabolic rates of different species are problematic, approximations can 
be made on the basis of animal class and size. Some marsupials, for example, are considered to 
have lower metabolic rates than most eutherian mammals (McNab 2005). Basal metabolic rates of 
other mammals have been calculated at body mass3/4 (Kleiber 1947) to more contemporary body 
mass2/3 (White & Seymour 2003), which allows for the animal’s body temperature and digestive 
state. This infers that the energy required to maintain metabolism in a smaller animal is 
proportionately higher than that of a larger animal. 
In most range environments energy is the most limiting component of the diet (Mlay et al. 2006). 
An animal’s net daily requirement for energy is the standard metabolic rate (SMR), and is the sum 
of its requirements for maintenance, activity, thermoregulation and, where applicable, coat and 
antler growth, pregnancy and lactation. This is expressed as megajoules of metabolisable energy per 
kilogram of metabolic weight per day, (MJ ME/kg0.75 /day). The average net energy requirement for 
non-pregnant and non-lactating adult deer in winter and spring is 0.39 MJ/kg0.75 /day (Dryden 
2011). This figure increases significantly when a female deer is pregnant or lactating.  
3.9 Grazing strategy of chital 
Herbivores employ various strategies to buffer themselves against seasonal declines in forage 
quality and quantity. Animals may alter their spatial utilisation of the environment by increasing or 
altering their foraging range (Oreagain & Schwartz 1995), increasing time spent grazing, increasing 
bite rate (Spalinger et al. 1988), or altering the range and proportion of forage species. The reason 
herbivores select one plant over another is not entirely known. Palatability is known to play a role, 
but that animals can select plant species through an innate sense of nutrient value is not supported 
(Arnold 1964). Phenology is a significant determinant at the level of individual plants, with animals 
displaying a preference for new growth which is both less lignified and higher in protein (Jarman 
1974), nitrogen, phosphate and energy (Arnold 1964). Areas chosen to focus grazing activity may 
relate to soil composition rather than available plant species.  
Chital are a highly adaptive species, as demonstrated by their successful acclimatisation to many 
countries from their native range on the Indian sub-continent. They are not regarded as specialists in 
30 
terms of habitat where they utilise both sides of the forest-grassland interface (Mishra 1982), or in 
terms of their diet. Chital diets are variable according to season and site and have been described in 
both their native and introduced ranges. In California chital had a grass intake of 35 to 70% (Elliott 
III & Barrett 1985), were primarily grazers in Nepal (Dinerstein 1980), ate greater than 94% grass 
in Texas (Henke et al. 1988), spent between 67% and 95% of their feeding time eating grass in 
India (Prasad & Sharatchandra 1984), and were primarily grazers during the wet season in Nepal 
(Mishra 1982). 
Ruminants are adapted to eating different types of forage according to the morphophysiology of 
their alimentary systems. Hofmann (1989) related adaptations of the alimentary tract to diet 
selection which classifies chital as intermediate feeders that are selective and choose a varied diet 
that might change according to season. The determinant of this classification is food selectivity and 
alimentary adaptions to the mouth, rumen, intestines and anus (Henke et al. 1988), rather than 
animal size. Anatomical adaptations to the alimentary tract may occur over a period of weeks in 
response to changing forages or may be structural in nature. A study comparing diets of chital and 
black-tailed deer (Elliott & Barrett 1985) determined chital relied more heavily on grazing and had 
more spatulate first incisors than black-tailed deer. In this regard chital dentition is more similar to 
that of cattle than black-tailed deer. The morphological similarity with cattle relates to the shared 
reliance on grazing rather than browsing. A limitation of intermediate feeders is their limited ability 
to utilise coarse or lignified plant material.  
As intermediate feeders chital utilise a range of forage plants. Actively growing and 
photosynthesising plants have higher food value to herbivores in terms of high protein and 
carbohydrate levels and low lignin content than plants not actively growing (Jarman 1974). Grasses 
that respond rapidly to rain and have a short growing season before haying are attractive to grazers 
for a shorter period than browse that continues to produce new growth for longer following rainfall. 
The ability of chital to selectively utilise a range of forage types allows them to exploit different 
plants during their stage of active growth. This strategy evidently contributes to their success across 
a range of environments by selecting a diet that is nutritionally superior to the average of the local 
environment. 
This strategy contrasts with that of the other major herbivore on the study sites, namely cattle, 
which was to maximise intake of lower quality food (Hanley 1982). According to this model their 
ability to derive sufficient food value without the need for a high degree of selectivity is related to 
functional adaptations of their alimentary canal. These morphological variations include body size, 
type of digestive system (ruminal or caecal digestion), rumeno-reticular volume to body weight 
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ratio, and mouth size. Both body size and method of digestion affect the time and energy required to 
obtain and utilise sufficient forage. Although larger animals require more energy in absolute terms 
than do smaller animals, their requirement in relative terms is less (Kleiber 1947). The constraints 
of time and the energy used to obtain nutrients result in larger animals being generally less selective 
in their choice of forage than smaller animals that tend to select smaller quantities of more nutrient-
dense food. The combined rumeno-reticular volume determines the nature of the food items most 
readily utilised. Animals with large rumens and slow rumen turnover rates are better able to 
consume larger volumes and exploit diets high in cellulose such as grass. Smaller rumens with 
higher turnover rates support diets higher in browse that is comprised of poorly digestible lignin and 
rapidly digestible plant cellular contents. White-tailed deer utilise browse forages better than 
bovines and have a significantly smaller relative rumeno-reticular volume (Short 1963). Mouth size 
influences the degree of selectivity a herbivore can display in selecting specific leaves and leaf 
material without stem (Jarman 1974). From observations of African ungulates, Bell (1970) 
generalised that where forage quantity is limiting small body size is advantageous but when forage 
quality is limiting large body size is advantageous. 
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Plate 4. Chital reaching to browse overhead shrub, Spyglass 2014.  
Photo: M. Brennan 
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4.1 Introduction 
On the Indian subcontinent, chital or Indian spotted deer (Axis axis) have assumed importance as a 
keystone species supporting wild carnivore populations (Dave 2008), and are considered a 
barometer for habitat health and a predictor of the sustainability of large predators (Sankar & 
Acharya 2004). In contrast, they have at times become a pest where they have been introduced 
outside their native range (Congdon & Harrison 2008). Their adaptability with respect to habitat, 
climate and diet (Sankar & Acharya 2004) have allowed them to become widespread and abundant 
in their native and introduced ranges (Waring 1996). Chital were one of the six deer species 
successfully introduced to Australia during the 1800s (Moriarty 2004). 
Chital were introduced to Maryvale Station in northern Queensland in 1886 (Roff 1960) and by 
2014 had increased to an estimated population of 32,000 and spread about 100 km from their initial 
release point (Brennan & Pople 2016). This slow rate of increase and overall low density suggests 
an ability to persist rather than be a major invasive species; however, some areas support chital 
densities of greater than 170 deer/km2 (Brennan & Pople 2016). The reasons for variation in 
abundance might include the availability of plants that comprise chital diet, distribution of minerals 
in the environment (Watter et al. 2019a) and predation, all of which may be predictors to their 
future distribution and abundance. 
The seasonality of forage quantity and quality in the Burdekin dry tropics region of northern 
Queensland where chital are found is a challenge to domestic (Ash et al. 2000) and presumably also 
wild herbivores. Rainfall and pasture growth occurs principally during the five-month wet season 
which is followed by a seven-month dry season when pastures senesce, creating a seasonal and 
predictable nutritional bottleneck. For herbivore populations to persist and expand, individuals must 
obtain above-maintenance nutrition over the course of a year to enable breeding and recruitment. 
This seasonal variation will be exacerbated by year-to-year variation in rainfall and subsequent 
pasture production. Although forage resources in the study region are seasonal, the minimum 
nutritional needs of chital must be met throughout the year (Oreagain & Schwartz 1995). Grazing 
animals employ various strategies to buffer themselves against seasonal declines in nutrition. 
Animals may alter their spatial and temporal utilisation of the environment by increasing or altering 
their foraging range (Oreagain & Schwartz 1995), increasing time spent grazing, increasing bite rate 
(Spalinger et al. 1988), or by altering the range and proportion of forage species consumed.  
The diet of grazing animals can be determined by observation (Dave 2008), measuring plant offtake 
(McInnis et al. 1983) or by taking samples of ingested material from various points along the 
animal’s alimentary canal (Medin 1970; Alipayo et al. 1992). These methods return similar results 
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in terms of plant species identified, but all have biases (Holechek et al. 1982b; Forsyth & Davis 
2011), estimating different relative proportions of plants in the diet. Care must therefore be taken 
when interpreting results and making comparisons across studies. The advantage of samples 
sourced from the animal (including faecal material collected from the ground) is that the sample has 
been selected by the animal and thus reflects actual intake. Ingested food can be analysed using 
various techniques (Osborn et al. 1997) but, due to the variation in individual animal intake, the 
method used is of secondary importance to processing a sufficient number of samples to give 
adequate precision (Puglisi et al. 1978). Among those herbivores that are morphologically adapted 
to utilising more than one plant type (Hofmann 1985), the preference an animal exhibits for a 
particular plant can be measured as the proportion of that plant in the diet according to its relative 
availability in the environment (Petrides 1975), which may change seasonally.  
The objective of this study was to determine how chital derive above-maintenance nutrition from a 
plant community that changes markedly during the year according to seasonal rainfall. Where 
nutritional quality and relative availability of food plants change seasonally, the composition of 
chital diet may alter throughout the year. As intermediate feeders (Hofmann 1985), chital can 
consume plants of various types including grasses, forbs and shrubs (Dinerstein 1979; Khan 1994; 
Dave 2008) which have different seasonal patterns of growth and maturation. If chital diet reflected 
availability of plant types, then no change in preference would occur between seasons; however, if 
chital discriminate seasonally between plant types and preferences do change, a nutritional basis 
would be expected for this change.  
4.2 Materials and methods 
4.2.1 Study area 
The study area was situated within the Burdekin dry tropics approximately 150 km north of 
Charters Towers (20° 06.0S, 146° 16.0E) in Queensland, Australia. The district is naturally wooded 
with areas cleared and improved, with pasture on soils of generally low fertility (Burrows et al. 
1990). Average temperature maximum for December is 34.5°C and minimum for July is 11.5°C. 
Average annual rainfall in Charters Towers is 648 mm with 79% falling in the five months from 
November (Commonwealth of Australia, Bureau of Meteorology 2019). The predominant land use 
is extensive cattle grazing with average property sizes of 30,000 ha supporting an average cattle 
herd of 3,400 animals (McIvor 2012). 
Rumen samples were obtained from chital on Niall and Spyglass stations and pasture composition 
measured on Spyglass which was representative of both properties. Both sites are commercial cattle 
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properties of approximately 40,000 ha separated by about 40 km with similar rainfall patterns and 
soil types but different in terms of chital density and history. 
Niall Station comprises 43,200 hectares 170 km north of Charters Towers (19° 25.14S, 145° 
18.37E). Niall Station has a mixture of red and black basalt soils with the predominant tree species 
being ironbark (Eucalyptus crebra), box (E. persistens) and black gidyea (Acacia argyrodendron). 
Pasture is comprised primarily of native grasses (e.g. Dactyloctenium radulans) and in average 
rainfall years the property has a carrying capacity of 4,500 adult cattle. Spyglass is 38,200 hectares, 
located 110 km north of Charters Towers (19° 29.35S, 145° 41.11E) with frontage to the Burdekin 
River. The carrying capacity is approximately 4,000 adult cattle. Vegetation is dominated by 
narrow-leaved ironbark and yellowjacket (E. similis) with a mixture of both native (D. radulans, 
Cyperus sp.) and introduced (Cenchrus ciliaris, Echinochloa mosambicenis) graminoids. 
Niall Station is located approximately 10 km north-east of the original release point of chital at 
Maryvale Station, while Spyglass is approximately 35 km east of Maryvale. In March 2015 the 
density of chital was estimated by vehicle spotlight transects along selected property tracks where 
chital were abundant at 60 deer/km2 and 10 deer/km2 on Niall and Spyglass respectively (Brennan 
& Pople 2016).  
4.2.2 Collection of chital rumen samples 
Chital were sampled from both properties during successive wet seasons in March 2015 and 2016 
and dry seasons in October 2014 and 2015. These discrete sampling periods represented times of 
seasonally high and low pasture biomass. At each of the four sampling events approximately 20 
adult animals were necropsied on each property, with approximately equal numbers of males and 
females (n = 162). Approximately 750 ml rumen samples were taken through an incision on the 
dorsal surface of the rumen. These samples were bagged, individually identified and frozen for 
laboratory analyses. During each occasion animals were shot at night, dawn and dusk for periods 
not exceeding five days to minimise variation in diet due to changes in vegetation. Shooting 
occurred over specific areas occupied by chital comprising less than 10% of the total area on both 
properties. Anecdotal information from landholders suggests this restricted distribution is long 
standing (> 20 years) and does not change seasonally.  
A reference collection of plant samples was collected from the broad area where chital were seen to 
feed. Plants included grasses, forbs, shrubs, sub shrubs and trees. These specimens comprised 
leaves, fruits, flowers and stems for use in comparing intact specimens with partially masticated 
samples from chital rumens. 
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4.2.3 Laboratory assessment of rumen contents 
Rumen samples were thawed, mixed and reduced to 500 ml for uniformity and washed through a 
5.3 mm pore steel sieve. Material collected within the sieve was sorted grossly and where necessary 
under 10 x magnification into portions taxonomically as close as possible to species level. 
Identification of plant material was made by gross leaf and stem recognition, leaf hair patterns, leaf 
venation and leaf margin characteristics. Separation of plant fragments was sometimes difficult 
when the vegetative portion of forb leaves was digested and absent at the time of sorting, leaving 
the veined structure of the forb leaf entangled with coarser grasses. In these instances, subsamples 
were disentangled, reweighed and a ratio applied to the whole sample. Where necessary, sample 
identification was verified by the Queensland Herbarium. Samples which were not identifiable due 
to size, degree of digestion or mastication, or lack of recognisable plant structure, were recorded as 
unidentified material or unidentified dicotyledon. Samples were then dried at 80°C for 48 hours and 
weighed in order to record dietary components on a dry weight basis. 
4.2.4 Analyses of diet data 
Factors that might influence the degree to which individuals consume different plant types might 
include animal size (ability to access higher plant material) (Bugalho et al. 2001), metabolic 
requirements for energy above maintenance including for growth and reproduction (Bobek et al. 
1990), and availability of alternative food (grasses and forbs). The relationship between mean 
percentage grass intake according to season, site, age, sex and reproductive status was analysed 
using two-way ANOVAs. Data were adjusted by angular transformation (arcsine) prior to analysis 
and checked using a residual plot to ensure normality and homogeneity of variances. 
4.2.5 Pasture composition and cover 
Vegetation cover and composition on Spyglass was estimated using eight step point transects 
(Mentis 1981) during both the dry season (October) of 2015 and the wet season (March) of 2016. 
The length (400 m) and location of these transects were designed to reflect the size and location of 
grazing sites, and on each sampling occasion the same transect lines and two observers were used to 
ensure comparability.  
Observers recorded the vegetation at a fixed point on the boot at one step intervals. Information 
included the presence of vegetation, plant class (grass, forb, subshrub, shrub, regrowth), height 
(measured in 10 cm increments), and greenness. Forbs were classified as herbaceous understory 
plants, subshrubs were plants with woody stems less than 0.9 m high, shrubs were woody stemmed 
between 0.9 and 3 m, and regrowth were trees re-shooting following agricultural land clearing with 
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leaves at a height at which chital could reach. All plants recorded were assigned a greenness score 
(0 = nil green, 1 = trace green, 2 = predominantly green) which was a subjective assessment based 
on color alone to reflect the degree to which plants were actively growing. Mature trees were not 
recorded, as seasonal growth could not easily be measured. Each transect comprised 400 steps 
originating from a preselected GPS location and followed a predetermined compass bearing. Mean 
plant cover was compared across seasons using a two-tailed t-test assuming unequal variance. 
4.2.6 Diet preference 
Plants groups consumed by chital were assigned a preference ranking according to the method 
described by Petrides (1975) in which a plant is scored according to the extent to which it is eaten 
relative to its availability in the environment. Relative availability of plant types was estimated 
using the product of plant percentage cover and plant height which served as a surrogate for aerial 
biomass. Plant preference indices [PI (for each plant group) = (diet proportion)/(availability 
proportion)] are centred on 1.00, with scores above 1.00 preferred by the animal and those scores 
less than 1.00 avoided. By this method a plant which is a principal food or eaten in large quantities 
may not be a preferred food according to its availability. Similarly, a plant that comprises only a 
small part of the diet may be a preferred food if its availability is low. 
4.3 Results 
4.3.1 Rainfall 
The sampling period from October 2014 to March 2016 was approximately 30% drier than average 
for both properties although the seasonality and timing of rainfall approximated the 30-year mean 
(Figure 4.1) (Stone et al. 2019).  
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Figure 4.1. Monthly rainfall (mm) January 2014 to June 2016 (black) (station records), long term rainfall (grey), 
recorded at Fletcher View Station 64 km south of Spyglass, the nearest official rainfall recording location to both study 
sites. 
Source: (Commonwealth of Australia, Bureau of Meteorology 2019).  
4.3.2 Diet composition 
There were 42 different plants identified to genus from the rumen samples of chital (Table 4.1). The 
predominant functional group found in samples was grass, within which four species were 
identified. Due to the difficulty in identifying and sorting grass species, no attempt was made to 
quantify relative species proportions. A total of 38 dicotyledon genera were identified, of which 10 
contributed 94% of the total identified dicotyledon by dry weight. Of the remaining 28 dicotyledon 
genera no single genus comprised more than 0.4%. Unidentified dicotyledons represented 3.9% of 
the total sample and 12.4% of the dicotyledon component.  
  
0
20
40
60
80
100
120
140
160
Ja
n
Fe
b
M
ar
A
p
r
M
ay Ju
n
Ju
l
A
u
g
Se
p
t
O
ct
N
o
v
D
ec Ja
n
Fe
b
M
ar
A
p
r
M
ay Ju
n
Ju
l
A
u
g
Se
p
t
O
ct
N
o
v
D
ec Ja
n
Fe
b
M
ar
A
p
r
M
ay Ju
n
Sp
yg
la
ss
 R
ai
n
fa
ll 
(m
m
)
Time period January 2014 to June 2016
39 
Table 4.1. Percentage contribution by dry weight and frequency of occurrence of plant species and functional groups 
identified from chital rumen samples on Spyglass and Niall Station. 
   Spyglass Niall 
   
Contribution 
Weight 
Frequency Contribution 
Weight 
Frequency 
Plant 
group 
Scientific 
name 
Common 
name 
Dry Wet Dry Wet Dry Wet Dry Wet 
Grass 
(Poaceae) 
Cenchrus 
ciliaris 
Buffel 
grass 
        
 Echinochloa 
mosambicen-
sis 
         
 Dactylocte-
nium 
radulans 
Button 
grass 
        
 Cyperus sp. Nut grass         
Total grass 53 91 100 100 84 95 100 100 
Forb Chamae-
crista 
rotundafolia 
Wynn 
cassia 
11 1 59 46 1  13 20 
 Portulaca sp. Pigweed  1  29  1  35 
 Stylosanthes 
humilis 
Townsville 
stylo 
   2     
 Neptunia 
oleracea 
Water 
mimosa 
  2    3  
Sub-
shrub 
Stylosanthes 
scabra 
Shrubby 
stylo       
4 3 22 76  1  5 
 Cucumis sp.  1  2 5     
 Carissa 
ovata 
Currant 
bush       
  1    5 13 
 Hybanthus 
stellarioides 
Spade 
flower       
   5     
 Phyllanthus 
sp. 
    2    5 
 Indigofera 
linnaei 
Birdsville 
indigo 
       3 
 Galactia sp. Wild pea       3  
 Sida sp.         
 
3 
Shrub Petalostigma 
pubescens 
Quinine 
bush      
12 1 54 34 1  8  
 Carissa 
lanceolate            
Concker 
berry 
1  24 5 2 1 75 48 
 Vachellia 
farnesiana 
Mimosa 
bush 
1  7    3 3 
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   Spyglass Niall 
   
Contribution 
Weight 
Frequency Contribution 
Weight 
Frequency 
Plant 
group 
Scientific 
name 
Common 
name 
Dry Wet Dry Wet Dry Wet Dry Wet 
 Duranta sp.        1  
 Chamaesyce 
sp. 
   2    3  
 Pittosporum 
spinescens 
Wallaby 
apple 
  5    3  
 Acacia 
leptostachya 
Wattle   2      
 Flueggia 
virosa 
White 
currant 
   5     
 Denhamia 
sp. 
   2 2     
 Capparis 
canescens 
   2      
 Senna sp.    2      
 Crotalaria 
novaehollan-
diae  
Rattlepod   2 2     
 Melaleuca 
bracteate 
Tea tree       3  
 Eremophila 
mitchellii 
Sandal 
wood 
      3  
 Calotropis 
procera 
Rubber 
tree 
       3 
Tree Acacia 
shirleyi 
Lance 
wood 
7  7      
 Acacia sp. Wattle 5  41 5   2 3 
 Mangiferia 
indica 
Mango 3 1 2 2     
 Pleiogynium 
timorense 
Burdekin 
plum 
 1  2 1  5  
 Atalaya 
hemiglauca 
Whitewood   7    8  
 Casuarina 
cunning-
hammi 
She-oak   2    15  
 Flindersia 
dissosperma 
Leopard 
wood 
  2    8 3 
 Archiden-
dropsis 
basaltica 
Red 
lancewood 
  2      
 Melaleuca 
nervosa 
Fibrebark   5     3 
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   Spyglass Niall 
   
Contribution 
Weight 
Frequency Contribution 
Weight 
Frequency 
Plant 
group 
Scientific 
name 
Common 
name 
Dry Wet Dry Wet Dry Wet Dry Wet 
 Geijera 
parviflora 
Wilga   2    3 3 
 Eucalyptus 
sp. 
     4 1 43 25 
Unidentified 
dicot 
3 1 51 39 5 2 58 65 
 
 
The dominance of grass in the diet was consistent across all sampling periods and both study sites. 
Three species of grass and one sedge were identified, C. ciliaris (buffel grass), E. mosambicensis 
(urochloa), D. radulans (button grass), and Cyperus sp. (nut grass). The first two are introduced 
pasture species, while D. radulans is a native grass and Cyperus is a sedge found along 
watercourses. The proportion of the diet that was grass differed between sites and seasons (Figure 
4.2).      
  
Figure 4.2. Mean grass intake: Mean percentage (± SD) of grass in the rumen of chital for each sampling time (dry 
season 2014, wet season 2015, dry season 2015, wet season 2016).  
Mean intake of grass varied more at Spyglass (53–96%) than at Niall (80–95%), but the interaction 
between season and location was significant (P < 0.001, F154 = 11.9). Differences in forage 
proportions between locations depended on season. The mean percentage of grass in the diet of 
chital at both sites was lower in the dry season (mean = 0.69, n = 80, SE = 0.02) than the wet season 
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(mean = 0.92, n = 82, SE = 0.01). Mean proportions of grass intake were higher on Niall  
(mean = 0.89, n = 80, SE = 0.1) than Spyglass (mean = 0.72, n = 82, SE = 0.02). However, there 
was considerable variability between individual animals where the grass component ranged from 
16–99%. 
4.3.3 Animal factors influencing browse intake 
Mean percentage grass intake did not differ between cohorts of animals older and younger than two 
years (F1, 151 = 0.21, P = 0.89), male and female animals (F1, 153 = 0.01, P = 0.92), pregnant females 
and non-pregnant females (F1, 152 = 0.99, P = 0.32), and lactating females and non-lactating females 
(F1, 152 = 0.067, P = 0.79). 
The average non-grass component was 17.7% of the diet across all samples. This comprised 38 
plant species or plant genera for those items where identification to species level was not possible. 
Most of these plants made only minor contributions to the diet based on dry weight. The 10 most 
common dicotyledons by percentage dry weight contributed 13.3% of the total diet or 75% of the 
dicotyledon portion (Table 4.2). The unidentified dicotyledon component contributed 3.1% to the 
total diet and the remaining 28 dicotyledons 1.3% to the total diet.  
Table 4.2. Mean percentage occurrence of the most common plant species or groups in rumens of chital on Spyglass  
(n = 82) and Niall Station (n = 80). Percentage contribution by dry weight is also shown for both properties combined. 
Plant species or groups are listed in order of dry weight contribution. 
Plant Spyglass % 
% 
Niall % Dry wt % 
Wweight % Poaceae 100 100 82.3 
Unidentified dicot 46 61 3.1 
Petalostigma pubescens 44 4 2.8 
Chamaecrista rotundafolia 51 16 2.5 
Stylosanthes scabra 49 4 1.9 
Eucalyptus species 0 34 1.4 
Acacia shirleyi 4 0 1.2 
Acacia species 23 11 1.0 
Mangiferia indica 2 0 0.8 
Carissa lanceolata 15 61 0.8 
Pleiogynium timorense 1 3 0.6 
Portulaca species 15 17 0.3 
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Petalostigma pubescens (quinine tree) is a shrub or small tree endemic to north-eastern Australia 
and common to both sites. Although eaten by chital at a greater frequency at Spyglass it was 
consumed at both sites over wet and dry seasons and was the most significant non-grass component 
of the diet. 
Both Chamaecrista rotundafolia (Wyn cassia) and Stylosanthes scabra (shrubby stylo) are 
introduced perennial legumes widely naturalised across northern Australia. Although C. 
rotundafolia is not considered palatable to cattle during the summer it was consumed by chital at 
both sites during both seasons. Stylosanthes scabra was consumed by chital primarily at Spyglass 
and most frequently during the wet season.  
Portulaca sp. is an annual forb and sodium accumulator (Watter et al. 2019a) endemic to large areas 
of Australia. This species was found at similar frequency in the diet at both sites but was only 
recorded in the diet during the wet season of 2016. More than half the individuals from Spyglass 
and Niall stations consumed the plant at this time. 
Acacia shirleyi (lancewood), Mangiferia indica (mango) and Pleiogynium timorense (Burdekin 
plum) were found in only three individual animals. In all cases these species were identified by 
distinctive seeds which, in the cases of M. indica and P. timorense, were presumably ingested 
together with the fruit. Several Acacia species, identified only to genus, and Carissa lanceolata 
(conckerberry) are shrubs and small trees whose leaves were eaten at both sites. Acacia was more 
commonly consumed at Spyglass while C. lanceolata was more commonly consumed at Niall 
Station. Both species were more frequently eaten during the dry season than during the wet. Acacia 
spp. were present in 31% of dry season samples and 4% of wet season samples, while C. lanceolata 
was present in 50% of dry season samples and 26% of wet season samples.  
Eucalyptus species are small to medium size trees in this region, common to both sites but found 
only in the samples from Niall Station. Eucalyptus leaves were found in the diet of 63% of Niall 
Station animals during the dry season and were notably often bleached and desiccated. The 
presence of bleached leaves (n = 8), bark (n = 4), sticks (n = 3) and possum scats (n = 1) in the 
rumens of chital sampled during the dry season on Niall indicate chital were consuming leaf litter. 
Four samples contained ticks (Haemaphysalis longicornis) presumably ingested during grooming.  
4.3.4 Pasture analyses 
There were wet and dry season changes in the presence of vegetation classes (non-vegetation, grass, 
forb, subshrub, shrub, regrowth) and average height (cm) of plant classes measured on Spyglass 
(Figures 4.3 and 4.4). 
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In October 2015 (dry season) total vegetation cover (mean = 17%, n = 8) was significantly less (P 
<0.001, t = 5.19) than in March 2016 (wet season) (mean = 55%, n = 8). Percentage cover of all 
plant types except shrubs increased during the wet season (Figure 4.3). The average height of all 
plant classes from all transect lines increased from the dry to wet season (Figure 4.4). Plant 
greenness was lower in the dry season for all plant types (Figure 4.5), but most marked for grasses 
then forbs. 
 
Figure 4.3. Average plant cover (%) (± SE) recorded on step point transects for all vegetation classes (total vegetation, 
grass, forb, sub-shrub, shrub, regrowth), dry season 2015 (black) and wet season 2016 (grey) at Spyglass.  
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Figure 4.4. Average plant height (cm) (± SE) recorded on step point transects for all vegetation types (grass, forb, sub-
shrub, shrub, regrowth), dry season 2015 (black) and wet season 2016 (grey) at Spyglass. 
 
 
Figure 4.5. Greenness index of plant types (total, grass, forb, subshrub, shrub and regrowth) during the dry season 2015 
(black) and wet season 2016 (grey) at Spyglass. 
Increases in vegetation cover on the study site were mainly attributable to greater abundance of 
grass, forbs and sub-shrubs. Grasses were the predominant plant class in both seasons, recorded at a 
percentage cover of 11 and 26% for dry and wet seasons respectively. While the percentage cover 
of sub-shrubs increased from 3 to 7%, the largest increase was recorded among forbs. Forbs were 
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present on only two dry season transects at a negligible frequency, while they were present on all 
wet season transects at an average wet season cover of 19%.  
The predominant forb observed during the wet season was Chamaecrista rotundaifolia and, 
although not abundant as a standing plant during the dry season, comprised a large proportion of the 
leaf litter. C. rotundifolia is categorised as either a short-lived perennial or annual species which did 
not persist in the pasture during the dry season of 2015. The most common sub-shrub was 
Stylosanthes scabra (shrubby stylo) which is a perennial plant with a tendency to develop a woody 
stem. This species was found in wet and dry seasons although it was about twice as common during 
the wet season.  
Changes in aerial cover over time were attributable to both the presence or absence of plants, as 
well as changes in plant size. The average height of grass swards during the dry season was 14 cm 
which increased by greater than 140% to 34 cm during the wet season. Other plant categories 
showed similar increases, the exception being the greater proportional increase of ~ 500% in forb 
height from 4 to 22 cm.  
4.3.5 Diet preference of chital on Spyglass 
Preference indices (PI) for grass, forbs and shrubs (shrubs, subshrubs, and regrowth) altered in rank 
between the dry season in October 2015 and wet season March 2016 (Table 4.3). 
Table 4.3. Preference index for grass, forbs and shrubs (shrubs, subshrubs and regrowth considered together), on 
Spyglass dry season October 2015 and wet season March 2016. 
Season Forage Type Plant biomass 
index (cover x 
height) 
Preference 
index 
Wet Grass 884 1.5 
 Forb 418 0.02 
 Shrub 101 0.6 
Dry Grass 154 0.7 
 Forb 1 12 
 Shrub 42 2.0 
 
All vegetation types were abundant during the wet season of 2016, at which time chital showed 
strong preference for grass. In contrast, in the dry season, chital demonstrated a preference for both 
forbs and shrubs while avoiding grass. Grass consumption was only 53% of the diet by dry matter 
despite remaining the predominant plant available in the pasture at 78%.  
47 
4.4 Discussion 
In the savannah woodlands of northern Queensland chital deer are primarily grazers with an ability 
to alter forage intake with changing pasture composition. At least 42 different plant species 
contributed to the diet including grasses, forbs, shrubs, trees and litter. In both the wet and dry 
seasons grass comprised most of the diet and also contributed most to the available standing crop. 
During the wet season when all classes of food plants were more available, larger in size, and 
actively growing, chital displayed an intake that was almost exclusively grass; grass was preferred 
and non-grass forages were actively avoided. In contrast dry season food plants were less prevalent, 
smaller, less actively growing and, although grass then comprised a greater proportion of available 
forage, it was eaten at a rate below that of its relative availability. Chital showed a clear dry season 
preference for forbs which were present in the environment at an estimated proportion of 0.5% but 
comprised 6% of the diet. However, the context of these results was that they were obtained during 
a period of subnormal rainfall and in years of average or above average rainfall forage intake, 
availability and preference may change.  
Chital on Niall Station demonstrated a greater use of grass at all sampling occasions than on 
Spyglass. This may indicate differences in the relative availability of forage types between sites. 
Several dry season rumen samples from Niall station contained material including bark, bleached 
leaves (due to time spent on the ground), and possum scats. Six rumens contained the seeds of 
Mangiferia indica and Pleiogynium timorense which were possibly also eaten from the ground. This 
ingestion of fallen vegetation might suggest an indiscriminate vacuum approach to feeding made 
necessary when forage was in short supply, although ungulates eating fallen browse material from 
the forest floor have been observed elsewhere. Chital in Guindy National Park in India were 
observed to commonly consume fallen fruits and leaves (Raman 1997) and in Corbett National Park 
chital were observed to eat items dislodged from the canopy by monkeys (Dinerstein 1979). White-
tailed deer (Odocoileus virginianus) on Stewart Island in New Zealand also consume preferred 
browse species in the form of litter from the forest floor (Nugent & Challies 1988).  
The possibility that some classes of animals might utilise browse at a higher rate because of 
increased metabolic demand (e.g. growth, lactation) or sex or age was not supported. Consumption 
of browse related principally to season although individual animals varied in the percentage of grass 
eaten and breadth of species utilised. While individual variation in diet has been noted in other deer 
species in Australia (Forsyth & Davis 2011), the variation in diet of individual animals over time is 
not known (Prache et al. 1998); however, it demonstrates the importance of adequate sample size as 
emphasised by Puglisi et al. (1978b) to characterise the average diet. 
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The dry season preference of chital for forbs and shrubs rather than grass aligned with greenness 
which reflects plant growth and diet quality which is highest in the actively growing stage of plant 
development and least in senescence (Albon & Langvatn 1992). The nutritional value (greenness) 
of forage on Spyglass varied greatly between seasons and most particularly in the case of grasses 
(0.2 to 2.0) which were essentially dried stem at the time of sampling in the dry season. The 
greenness variation of forbs (0.7 to 2.0) and browse items (1.2 to 2.0) was less than grass and both 
maintained some active growth characteristics even during the dry season. The nutritional value of 
browse varies according to species and although generally inferior to actively growing grass, the 
levels of protein and digestible energy are retained for longer following periods of growth (Le 
Houérou 1980). During the dry season when the nutritive value of senescent grass was very low, 
browse species presumably offered a relative benefit. In a concurrent study of body condition 
(kidney fat indices and bone marrow fat) undertaken on the same animals (Watter et al. 2019b), 
measures of condition (and by association the recent plane of nutrition) were consistently higher in 
the wet season than the dry season. From this we assume that, although chital do optimise their dry 
season diet by consuming plants of higher nutritional value, the dry season diet is demonstrably 
inferior to the wet season diet.  
The seasonal change in chital diet in northern Queensland might be best explained in terms of their 
ability to choose food plants according to nutritional value rather than plant type or species. Chital 
utilise a range of plants which are broadly selected according to phenology and especially during 
the dry season better approximate food quality than food availability. The ability of chital to 
selectively utilise a range of forage types allows them to exploit different plants during their stage 
of active growth. Grasses that respond rapidly to rain and have a short growing season before 
haying off are attractive to grazers for a shorter period than browse that continues to produce new 
growth for longer following rainfall.  
The manner in which chital utilise food plants in northern Queensland is consistent with the models 
of Hanley (1982) and Hofmann (1989), who used predictors of animal size, rumeno-reticular 
volume and mouth size. The extent to which ruminants can utilise different forage types is 
influenced by their morphophysiology. Hofmann (1989, p. 444) related differences in the 
alimentary tract to behaviours of diet selection and categorised ruminants according to a ‘flexible 
system of overlapping ruminant feeding types’. This determination classifies chital as intermediate 
feeders that choose a varied diet which might change seasonally. The basis of this categorisation is 
food selectivity rather than animal size and is related to morphological adaptations of the alimentary 
tract. Chital, with their smaller mouths, are better able to selectively take leaf material from shrubs 
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than cattle (Bos indicus), whose morphology requires larger relative quantities of food and an 
ability to utilise more lignified and less nutrient-dense food.  
Dietary studies and models of ungulate feeding strategies do not indicate the optimal diet for chital 
(Hanley 1982); however, they serve to define the niche in which chital have become successful 
within a relatively small area of northern Queensland. Limitations to the success of chital 
populations are unlikely to relate to wet season nutrition, but broader studies of dry season diet 
quality and body condition are needed to assess the effect of dry season nutrition on chital 
abundance. Further study of nutrition combined with other limiting factors (e.g. predation, soil 
micronutrients, year-to-year variation in rainfall) is required to predict the extent to which wild 
chital herds might expand in the future.  
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Plate 5. Chital calf, Maryvale 2012. 
Photo: S. Robinson 
5.1 Introduction 
The chital deer (Axis axis) in northern Queensland is an introduced ungulate originating from the 
Indian subcontinent and released on Maryvale Station (19°33”23’S, 145°15”42’E) in 1886 (Bentley 
1978). In the context of ungulate introductions to Australia their spread has been modest, reaching 
an estimated population size of 32,000 in 2014 and confined to within approximately 100 km of 
their release (Brennan & Pople 2016). Of the six successful cervid introductions to Australia, all but 
one exceeds chital in numbers from similar size founder populations and establishments prior to 
1900 (Bentley 1978). Estimates of other ungulate populations including feral camels, goats, 
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donkeys, and pigs exceed chital by factors of between 15 and 600 (Moriarty 2004). Within their 
current range chital are patchily distributed, with animals concentrated around permanent water and 
homesteads where there is a constant supply of artificial water (Brennan & Pople 2016).  
Information published on the ecology of chital largely originates from their native range and is 
based on observational studies of their diet (Raman 1997), social organisation (Sankar & Goyal 
2004), movement (Dave 2008) and reproduction (Mishra 1982). Throughout their native range 
rainfall and nutrition are highly seasonal whereas their reproductive activity is not. Chital are 
aseasonal breeders (Mishra 1982) known to mate and give birth in any month, which implies no 
evolutionary advantage to calving at particular times to coincide with forage availability. This 
contrasts with the situation for temperate cervids which are short day breeders (Loudon & Brinklow 
1992), giving birth in early summer, aligning periods of highest metabolic need (late pregnancy and 
lactation) to optimal nutrition (Lincoln 1992). 
Seasonality of reproduction in large mammals is considered to relate to photoperiod (Loudon & 
Brinklow 1992). Species originating close to the equator which reproduce year-round experience 
fewer nutritional and climatic variations than those further from the equator. Those deer species 
indigenous to areas between 20° S and 20° N latitude are largely asynchronous breeders (Loudon & 
Brinklow 1992), but within and outside their native range chital display minor peaks in reproductive 
activity thought to relate to latitude (Loudon & Brinklow 1992). When transplanted to a new 
environment chital maintain their essentially aseasonal reproductive output (Loudon & Curlewis 
1988; Asher 2011). In Hawaii, at 19° N chital display an increase in birth frequencies (birth peak) 
for five months from November (Waring 1996), while there is a distinct peak in December and 
January at 27° N in India (Mishra 1982), and a February birth peak at 28° N also in India 
(Dinerstein 1980). In the temperate zone in Australia 34° S births were recorded at increased 
frequencies in September and again in December and January (Chapple 1989). The extent to which 
birth peaks are related to latitude is difficult to quantify partly due to different methods of data 
collection. Because calving females plant their young and form crèches that are watched over by 
one or two mature females, recording calving dates and the number of offspring born by 
observational studies is difficult (Mishra 1982; Suzuki et al. 1996).  
Predictions on the rate of change of population growth for the introduced northern Queensland 
chital herd require estimations of reproductive data from this wild herd in this environment 
(McCallum 2008) rather than those extrapolated from other species or other environments. No 
published data on wild Australian chital presently describe their age and weight at first mating, 
incidence of twinning, female age structure, seasonality of reproduction or fecundity (incidence of 
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female births). These data form the basis of models predicting r, the rate of change of a population 
at a given time and R max (Hone et al. 2010), the maximal rate of population increase where neither 
food nor density of animals is limiting.  
We report the findings of 64 female chital necropsied in November 2009 and May 2010 at Bluff 
Downs, approximately 30 km from the original release site. These samples were taken during the 
dry season and again two months after the end of the wet season, and represent times of low and 
high forage availability in an environment where there is an annual nutritional bottleneck for 
grazing herbivores (McLean et al. 1983). The age at puberty, reproductive lifecycle of female chital 
and their reproductive output is inferred from necropsy samples. We calculated female conception 
and parturition dates from regressions of crown to rump (CR) measurements, and the cube root of 
foetal weights, using published figures for the gestation lengths and birth weights of farmed chital 
(English 1992).  
In northern Queensland nutrition for grazers is highly seasonal (Poppi & McLennan 1995), with wet 
season weight gains and dry season weight losses seen in cattle. Where nutrition is a limiting factor 
for animals, the age class first to show a decline in survival is juveniles (Gaillard et al. 1998). The 
timing of reproduction then would be expected to influence rates of population increase through 
nutritional effects on successful lactation (Mulley & Flesch 2001) and calf survival. If calving were 
concentrated during the wet season, calf survival and population growth would be expected to be 
optimal. If calving occurred with little synchrony to seasonal nutrition, it might be inferred that 
chital cannot alter their innate aseasonal breeding behaviour and therefore lower the survival of 
those calves born during the dry season. In environments where adequate nutrition is available year-
round, as may be the case in their indigenous environments, aseasonal reproduction may be 
advantageous and allow for more than one calf weaned per female annually.  
5.2 Materials and methods  
5.2.1 Study site 
Samples were obtained at Bluff Downs (19° 40”58.56’S, 145° 32”23.28’E), a 40,000 ha cattle 
breeding property situated about 120 km north of Charters Towers in northern Queensland, 
Australia. December maximum temperatures were 34° C and July minimum temperatures were 11° 
C (Commonwealth of Australia, Bureau of Meteorology 2019). The property is representative of 
those in the district, carrying approximately 3,000 adult cattle in years of average rainfall, and an 
estimated 2,500 chital at the time of sampling in 2009 and 2010 (C. McGhie 2017 pers. comm., 
November 6). Vegetation was principally open eucalypt (Eucalyptus sp.) woodland with mixed 
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native and introduced grasses on soils of moderate to poor fertility (McIvor 2012) with areas of 
alluvial black-soil plain. Pasture growth is seasonal in response to summer rainfall which produces 
abundant forage (Stone et al. 2019) and is followed by an extended dry period of about eight 
months. The dry season, from April to November, each year creates an annual nutritional shortfall 
for grazing animals (Donaldson 1962).  
5.2.2 Rainfall 
Mean annual rainfall on Bluff Downs over the last 40 years was 646 mm with 80% of this (517 
mm) falling in the five months from November (Stone et al. 2019). The sampling occasion of 
November 2009 was during a dry season in which 54 mm of rain had fallen over the previous six 
months. This followed a wetter than average summer in which 900 mm of rain fell during the first 
quarter of 2009. The sampling in May 2010 followed a wet season in which 544 mm fell during the 
six months from November. 
5.2.3 Sample collection 
On each of the sampling occasions, 25 November 2009 and 25 May 2010, 32 chital were shot by 
experienced shooters according to the standard operating procedures for shooting deer from the 
ground (Centre for Invasive Species Solutions n.d.). Animals were shot on an opportunity basis, so 
as far as possible randomising the sample. Female chital were targeted within 3 km of the 
homestead, confirmed dead, and transported within 30 minutes to a processing station.  
Animals were weighed (Salter scales, kg) including gut fill, girth measurements taken (cm) caudal 
to the forelegs, aged by eruption and wear of molars and premolars as described by Hall et al. 
(2012), and necropsied to obtain reproductive data. Where a foetus was present it was weighed (g), 
measured crown to rump (mm), (forehead to junction of tail and back along the curve of the spine) 
(Lyne 1960), and the number of foetuses and their sex recorded. The lactation status of the female 
(wet or dry) was recorded along with the structures on her ovaries. Structures on the ovaries were 
recorded as ‘nil’ (indicating that no structures existed to indicate cyclicity), corpus hemorrhagicum 
(CH, an ovarian structure arising from the ovarian follicle which develops into the corpus luteum), 
or corpus luteum (CL, a recognisable cystic structure present on the ovary following ovulation) 
(Peter et al. 2009). Both CH and CL indicated stages of a normal oestrus cycle. Attainment of 
puberty and the determination that they were reproductively active was inferred from the presence 
of these structures on one or both ovaries (Armstrong et al. 1969). Fertility was determined by 
either the presence of a foetus or evidence of lactation or both.  
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5.2.4 Aging foetuses 
Estimations of gestational age were made from measurements of foetal weights, and foetal crown to 
rump lengths used elsewhere to calculate gestational ages for sika deer (Cervus nippon) (Suzuki et 
al. 1996), fallow deer (Dama dama) (Armstrong et al. 1969) and white-tailed deer (Odocoileus 
virginianus) (Short 1970). The relationships between crown rump length and foetal weight to 
gestational age assumed in these studies were verified in studies by Hamilton (1985) by measuring 
foetuses from white-tailed deer necropsied at known intervals following mating. 
CR lengths were available for all 25 foetuses while only 17 had corresponding weight 
measurements. Crown rump measurements and gestational age in deer have a curvilinear 
relationship, nutritionally dependent but essentially straight beyond the late embryo stage of about 
35 days gestation (Hamilton 1985). Crown rump lengths of all 25 were fitted to a linear regression 
which assumed a 50 cm crown–rump length at birth (based on the largest necropsied foetus of 
49 cm and 3.2 kg) and a gestation length of 234 days.  
The cube root of foetal weight, which provides a linear relationship with gestational age (Huggett & 
Widdas 1951) in mammals was similarly used to produce a regression using known gestation length 
(234 days) and birth weight of (3.4 kg) for chital. Birth weight estimation was based on 
measurements of chital calves on farms (English 1992) which were similar for males (3.6 kg) and 
females (3.4 kg) and so were considered together. Conception and birthing dates were then 
calculated from gestational age, date of the sampling and duration of pregnancy of 234 days. 
5.2.5 Method of estimating maximal rate of increase Rm 
Where a population is not limited by food, and deaths due to predation and parasitism are assumed 
to be nil, the theoretical maximal rate of increase of the population may be calculated using the two-
stage Euler-Lotka equation (Hone et al. 2010): 
 
In terms of this equation, where lambda is the rate of population increase, b is annual fecundity 
(mean female young/adult female/year), alpha is age at first reproduction and w is age at last 
reproduction. Juvenile survival (l) was estimated as the ratio of chital females aged two years to one 
year of age and for the estimation of Rm adult survival (s) is assumed to approximate one.  
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5.2.6 Estimate of pasture availability 
Pasture availability and quality was estimated from a model ‘Forage’ based on factors including 
historic rainfall and temperature (Stone et al. 2019) recordings but without taking into account soil 
variations or stocking rates. ‘Forage’ provides monthly records of total standing dry matter (TSDM) 
(kg/ha) and ‘growth’ (new plant growth) (kg/ha).  
5.3 Results 
5.3.1 Age structure of the herd 
The estimated ages of the 64 females sampled on both occasions ranged from six months to nine 
years by field evaluation of tooth eruption and wear. Although this method allows rapid evaluation 
of specimens it is subjective and, compared with the cementum annuli method, varies with diet and 
intake of soil (Hall et al. 2012). Accordingly the exact ages of chital, especially of older animals, 
are regarded with some caution. Chital females appear to reach maximal body weight at between 
three and four years of age and the maximum recorded body weight was 51 kg (Figure 5.1). 
Variations in body weight between individuals incorporate both differences in condition and the 
additional weight of the foetus and foetal fluids in some animals. The relationship between body 
weight and chest girth was significant (P < 0.05) making chest girth an adequate proxy for body 
weight (Figure 5.2). 
 
Figure 5.1. Body weights (kg) of 64 female chital and their estimated ages (years). 
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Figure 5.2. Body weights (kg) of 64 female chital with corresponding chest girth measurements (cm). The relationship 
between body weight (kg) and girth (cm) is described by the equation wt = (girth – 40.42)/0.78, (R2 = 0.8221).  
The age structure of the female herd indicated a greater rate of mortality among young animals and 
increasing survival of females beyond approximately two years old (Figure 5.3). 
 
Figure 5.3. Age distribution of females (years), n = 64.  
Eighteen chital were estimated to be in their first year, with 12 estimated to be approximately six 
months old and six animals approximately one year old. Of the 12 chital aged less than one year, 
none showed ovarian activity consistent with reproductive maturity. Of six females aged 
approximately one year old, three showed evidence of ovarian activity at a mean weight of 30 kg 
(n = 3, SE = 2.4) while three with a mean weight of 27 kg (n = 3, SE = 2.9) showed no ovarian 
activity. With the exception of one animal the remaining 46 females, all older than one year, either 
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showed ovarian activity, were pregnant or lactating. The two oldest animals in the cohort were 
approximately nine years old and both were lactating. Of the seven animals neither pregnant nor 
lactating, from five age classes, but showing ovarian structures (CH or CL), two had corpora lutea 
indicating possible early pregnancy. Of the 25 foetuses, 16 were females and 9 were male, with no 
multiple conceptions recorded. Fecundity (live female offspring produced per year) (Fryxell et al. 
2014) was estimated as female foetuses at necropsy and was higher in older age classes (Figure 
5.4).  
 
Figure 5.4. Frequency of females pregnant (black) and female foetuses (grey), by age class.  
Of 46 females estimated to be 1.5 years and older, 25 (54%) were pregnant, 21 (45%) were 
lactating, 10 (21%) were both pregnant and lactating, and eight (17%) were neither pregnant nor 
lactating.  
5.3.2 Calculating maximal rate of increase; rm 
Data from this study indicates annual fecundity (b) was 0.64, age at first reproduction (alpha) was 
1.8 years, age at last reproduction (w) was 9 years, juvenile survival (l) was 0.61 and, to calculate 
R max, the rate of adult survival (s) is assumed to approximate one (0.98). The maximal or intrinsic 
(Fryxell et al. 2014) rate of increase (R max = 0.23) for chital implies the population could expand at 
a rate of 26% per year. 
Using the equation, p = 1 – (1/erm) (Hone et al. 2010), the proportion of the existing population 
which must be removed to maintain a stable population is estimated at approximately 21%, or 6,670 
of the total population of 32,000 animals.  
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5.3.3 Using crown-to-rump length to estimate gestational age 
Crown-to-rump measurements from 25 foetuses ranged from 10 to 49 cm. The relationship between 
gestational age (days) and CR (mm) is described by the equation y = 4.68x (Figure 5.5).  
  
Figure 5.5. The calculated gestational age (days) derived from the linear relationship between gestational age and 
crown-to-rump length (mm) from 25 chital foetuses. 
5.3.4 Gestational age estimated from foetus weight 
Foetal weights ranged from 150 to 3,018 g and the predictive equation relating the cube root of 
foetal weight and gestational age is y = 15.52x +0.438 (Figure 5.6), where x is cube root of weight 
in grams and y is the gestational age in days. The 17 samples for which there were available foetal 
weights were fitted to the regression equation, and the remaining 10 foetal weights were derived 
using the gestational age calculated from the CR prediction equation. 
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Figure 5.6. Calculated gestational age (days) based on the linear relationship between gestational age and the cubed 
root of foetus weight (g). 
The frequency distribution of calving predicted using both methods shows a year-round pattern of 
reproductive activity with birth peaks from December to February and minor variations due to 
differing methods of calculating gestational age (Figure 5.7). Seventy-seven percent of births were 
predicted to occur between November and March. 
 
Figure 5.6. Frequency distribution of chital births per month, using foetal crown to rump length (grey) and cube root of 
foetus weight (black).  
5.3.5 Pasture availability 
Mean monthly TSDM (kg/ha) (‘Forage’) for the 20 years to 2016 for the immediate region was 
1,548 kg/ha with the mean monthly TSDM for April, 1,901 kg/ha (range = 201 – 4,053, SE = 291) 
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and the mean TSDM for November 1,134 kg/ha (range = 57 – 2,397, SE = 164). New plant growth 
which is a surrogate for diet quality was lowest in the late dry season (October, mean = 8.9 kg/ha, 
range = 0 – 55.5 kg/ha, SE = 3.78) and highest in January (mean = 406 kg/ha, range = 18 – 1,295 
kg/ha, SE = 104).  
5.4 Discussion 
Survival of wild chital females in northern Queensland appears to increase beyond approximately 
two years of age having attaining a body weight above 35 kg. Wild chital appeared to become 
reproductively active at approximately one year of age, but as with many ungulate species which 
commence ovarian activity at a proportion of adult body weight, chital reproduction also related to 
weight (Gaillard et al. 1992). While the small sample size, limited sampling duration, and 
uncertainty of real ages determined by eruption and wear of teeth limited precision, wild chital as 
expected appear to mature later than farmed animals. English (1992) found farmed chital were 
reproductively active at about 50% of their adult weight, or 22 to 25 kg. Of those wild animals 
which showed ovarian activity, 83% were either pregnant or lactating, including the oldest in the 
cohort at nine years indicating chital can remain reproductively active throughout most of their life. 
The age distribution indicated survival increased beyond two years of age following the stages of 
highest mortality among juveniles and the recently weaned (Eberhardt 2002). Fecundity, measured 
as the number of female offspring born (Fryxell et al. 2014) or surviving (McCallum 2008) during a 
period was estimated from the proportion of female foetuses and is important in determining 
population growth. Fecundity was highest in females four years and older which accords with 
observations in both fallow and red deer (Langbein 1992; Clutton–Brock & Coulson 2002), and 
lowest in first calf females. The high rates of pregnancy among yearling and lactating females 
supports the assumptions based on rainfall that nutrition was adequate or above during the sampling 
periods (Langbein 1992).  
Ten females were both pregnant and lactating with foetuses ranging from 1,500 to 3,018 grams. 
Assuming a maximal lactation time of seven months for wild chital, and that the range of foetal 
weights indicates the future date of parturition one to two months hence, and a minimum time 
between calving and mating of 18 days (English 1992), it is apparent that females have the ability to 
exceed one young per year. In this sample (based on milk being evident in the udder for no longer 
than seven months), 21% of females of breeding age and weight exceeded one offspring per year. 
This is consistent with a mean inter-calving period in farmed chital of 288 days (English 1992). 
This study did not find evidence of twins or triplets as noted by Jesser (2005), but supports the 
possibility that one female could produce three offspring in 27 months (English 1992). During 2009 
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and 2010 rainfall and pasture conditions on Bluff Downs were above average as stated, and this 
level of reproductive output is unlikely to be the norm.  
The maximal rate of population growth measures a potential for population growth which is 
unlikely to be achieved in natural circumstances except where populations have been recently 
introduced to a novel environment or are recovering from a population collapse (McCallum 2008). 
Maximal rate of increase is also used to estimate proportions of a population which could be 
removed to produce either changes to that population, or a sustainable yield (Fryxell et al. 2014). 
The maximal rate of increase of (R max = 0.23) for wild chital provides an estimate for maximal 
annual population increase of 26% which far exceeds that observed since 1886. Recent population 
estimates of 32,000 reflect an average annual increase in the population of 6.9% for the 130 years 
since introduction to 2016. Notwithstanding the likely effects of predation, micronutrient 
inadequacies and drought mortality, the temporal patterns of reproduction and food availability may 
be a determinant in reproductive success.  
These findings indicate a birth peak during summer with the highest incidence of births during 
December to February. About 60% of calves are born during this time, which aligns with the period 
of maximal forage quality and availability, as seen in chital at a similar distance from the equator in 
Hawaii. While adult survival is generally considered to be high (Eberhardt 2002) among large 
mammals, the unknown and difficult to measure factor which impacts the success of chital is 
survival of calves. Generally, and most particularly during nutritional hardship, the survival of 
younger animals is most at risk (Gaillard et al. 1998) primarily due to failure of lactation (Lincoln 
1992). Seasonal differences in nutrition especially impact lactating females whose requirement for 
energy is approximately twice the maintenance requirement of non-pregnant or lactating chital 
(Mulley & Flesch 2001).  
Calf survival in northern Queensland would be expected to favour those calves born during the 
observed birth peak in summer when nutritional resources are optimal in terms of both quantity and 
quality. Mean pasture biomass modelled in ‘Forage’ almost doubles from the period before the wet 
season to the period after, along with the increase in pasture quality associated with a mean 45-fold 
increase in plant growth. The corollary to this is the expected higher rate of attrition among the 22% 
of calves born during May to October when nutrition is most likely to limit lactation among nursing 
females.  
The ability to calve throughout the year and potentially produce more than one offspring per year is 
a strategy that appears dependent on females obtaining adequate nutrition in all months of the year 
in order to support successful lactation. Although no data are available on rates of calf survival in 
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northern Queensland, the mean condition (kidney fat indices and bone marrow fat) of adult chital is 
known to decline significantly (P < 0.05) during the dry season (Watter et al. 2019b). Although 
rainfall is seasonal in the areas in which chital have evolved, the abundance and quality of forage on 
which chital rely in that region (Mishra 1982) may not be as variable as northern Queensland. 
Chital are known to alter their diet seasonally between grass and browse, thus maximising the 
quality of their diet (Raman 1997) and potentially minimising the effects of changing forage quality 
throughout the year. Within their native range, if nutritional intake is stable, rather than a series of 
peaks and troughs a non-seasonal pattern of reproduction may be optimal. The reproductive 
capacity of chital in this study, which exceeds one offspring per year in some individuals, also 
suggests this is an optimal strategy while nutrition is adequate to ensure calf survival. In northern 
Queensland, however, where both grass and browse are influenced by rainfall both seasonally and 
by regular droughts, the body condition (and possibly calf survival) of chital is known to fluctuate 
across and within years (Watter et al. 2019b). The likelihood that an aseasonal breeding pattern may 
limit the fertility and calf survival of chital where food is seasonally limited might help explain why 
a species with the capacity to reproduce rapidly has spread so modestly from their release site in 
northern Queensland. Further study into the longer term reproductive output of introduced chital 
and the survival rate of calves would better determine the implications of a generally aseasonal 
breeding pattern in northern Queensland.  
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Plate 6. Chital stags, Maryvale 2012. 
Photo: S. Robinson 
6.1 Introduction 
Chital deer (Axis axis) were introduced to the Burdekin district of northern Queensland in the 1880s 
from India and have established a patchily distributed population within approximately 100 km of 
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their original site of release. This distribution suggests that habitat factors may determine (and limit) 
both the areas they currently occupy and those areas they are most likely to invade in the future. 
Chital are listed in the state of Queensland as a pest, and are culled in agricultural rangelands 
because of their competition with livestock for grazing resources. An understanding of factors 
linking chital abundance with habitat characteristics may aid future management and control.  
Herbivores may discriminate among areas based on many factors such as forage quality or quantity 
(McNaughton 1988; Estévez et al. 2010), distance from water, topography, vegetation structure 
(Rahman et al. 2017), presence of competitors, or predation risk (Creel et al. 2005). However, in the 
Burdekin dry tropics, the degree to which chital occupy discrete areas over a period of decades to 
the virtual exclusion of areas with similar soils and vegetation, led us to hypothesise that availability 
of specific nutrients may influence their distribution. Although the degree to which animals exhibit 
a ‘nutritional wisdom’ is contentious (Provenza 1995), examples exist of ungulate feeding 
behaviour that accounts for deficiencies and increased intake of specific nutrients. This explanation, 
which links nutrient levels in food plants to ungulate densities and distribution, has been 
demonstrated in mixed herds in Africa (McNaughton 1988; Ben-Shahar & Coe 1992; Seagle & 
McNaughton 1992), moose (Alces alces) in Michigan (Belovsky & Jordan 1981), and white-tailed 
deer (Odocoileus virginianus) in Texas (Grasman & Hellgren 1993). Cervids in Indonesia utilised 
habitats according to food and mineral availability (Rahman et al. 2017), and free choice diet 
experiments in red deer (Cervus elaphus) (Ceacero et al. 2009) demonstrated that animals select the 
specific mineral supplements most deficient in the basic diet at a rate determined by their 
physiological need (e.g. growth, lactation). Osteophagia, or the chewing of bones or antlers by 
phosphorus-deficient cervids including chital in northern Queensland (N. Brown 2017 pers. comm.) 
and Sri Lanka (Barrette 1985), similarly occurs according to seasonal requirements (Gambín et al. 
2017). These behaviours indicate both an animal’s recognition of a nutrient gradient or deficiency 
and a mechanism to explain habitat selection. In order for chital in northern Queensland to 
discriminate between areas there must be differences in the availability of key nutrients in habitats 
that chital habitually use compared to those they do not. 
Transfer of minerals from soil and among trophic levels is complex and both spatially and 
temporally variable. The availability of soil minerals to plants is influenced by their absolute 
concentration in the soil as well as soil physical factors including clay content, pH, moisture levels 
and cation exchange capacity (Kabata-Pendias 2004). Large variations exist in N and mineral 
content of soils supporting ungulate populations both in southern Africa (Bell 1982) and northern 
Australia (Ahern 1994). Nitrogen and P are particularly deficient (Jones 1990) in northern 
Queensland, along with varying deficiencies of K, Na, and S, resulting in nutrient limitations to 
65 
livestock production. Although this area is categorised as generally deficient in both N and P, 
variations exist within the scale of hundreds of metres (Ahern 1994) to which animals may 
potentially respond. Where nutrient availability is heterogeneous in the landscape (Bell 1982; Ahern 
1994) it may determine habitat use by herbivores (McNaughton 1988; Seagle & McNaughton 
1992).  
Plants, which take up available nutrients according to their own requirements (Aerts & Chapin III 
1999), are an intermediary in the transfer of nutrients between soil and animals but may not 
perfectly reflect mineral levels in soils. Plants take their nutrients from those ‘available’ in soil 
according to the law of the minimum which applies also to nutrient uptake by animals and states 
that requirements for a primary-limiting nutrient need to be met before a response to other nutrients 
can occur (Ahern 1994; Dryden 2008). Responses by plants to some nutrients do not occur without 
the prior application of phosphorus (Kerridge et al. 1972). Further variations in mineral levels of 
plants can be related to season and species. For example, Ben-Shahar and Coe (1992) in Africa 
attributed greater variation in grass N and P to species differences than to nutrients available in the 
soil. Notwithstanding the effects of season, plant species and soil physical properties, the 
differences in plant nutrients among sites at a given time provide an estimate of nutrient availability 
to grazing ungulates (Coates 1994). 
The intake and absorption of nutrients by ungulates is a function of several factors beyond the 
nutrient levels contained in their forage. Ingestion of soil and the mineral reserves of the animal 
affect total uptake (Judson & McFarlane 1998). The presence of certain substances in plants can 
also affect the uptake of minerals by ruminants. Calcium oxalate crystals, for instance in buffel 
grass (Cenchrus ciliaris), reduce the absorption of calcium by cattle (Blaney et al. 1982). Seasonal 
availability of energy also influences nutrient uptake by cattle in northern Australia, with live 
weight responses to P supplementation seen in the wet season but not in the dry season (Coates 
1994; Judson & McFarlane 1998), despite P being at lower levels in dry season pasture. Usually the 
limiting nutrients in the dry season are N and carbohydrate (Ternouth 1990), which if also 
supplemented then allow a response to P. 
Nutrient deficiencies in grazing animals are diagnosed based on clinical signs, laboratory findings, 
response to supplementation of the animal, and mineral analysis of forage. In the case of both P and 
Zn, specific disease symptoms (Dryden 2008; Herdt & Hoff 2011) are easily recognised and 
diagnosable but not so less obvious symptoms including sub-optimal growth, reduced reproductive 
output and reduced appetite (Ternouth 1990; Herdt & Hoff 2011), which require measured response 
to supplementation (Judson & McFarlane 1998). The ability of forages to provide adequate mineral 
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intakes for ruminants can be inferred from published requirements for beef cattle (National 
Academies of Sciences & Medicine 2016); however, definitive methods for estimating mineral 
sufficiency in wild animals involve either the capture or harvest of animals to obtain samples for 
analysis rather than inferences made from concentrations in forage (McDowell 1985). 
Four chital deer were introduced to northern Queensland in 1886 and population estimates range 
from 10,000 animals in 2004 (Moriarty 2004) to 32,000 in 2016 (Brennan & Pople 2016). The 
distribution and abundance of chital deer is characterised by a modest geographic footprint within 
which high density (170 chital per km2) resident and non-migratory populations occupy relatively 
small (< 30 km2) areas in a landscape where overall abundance is low (Brennan & Pople 2016).  
If a lack of certain key nutrients influences the distribution of chital deer in northern Queensland, 
there should be significant variations in the availability of those nutrients among areas routinely 
occupied and unoccupied by chital. To test this, we used faecal pellet counts to identify areas that 
chital occupy in ‘high’ and ‘negligible’ densities, and compared mineral (Ca, P, Mg, K, Na, S, Fe, 
Mn, Zn and Cu) levels in the soil and forage from areas of contrasting chital density. We analysed 
blood samples from chital culled from three properties during the same month. This allowed the 
nutritional value of the diet to be determined, and the population-scale implications for chital to be 
examined in a novel environment. 
6.2 Materials and methods 
6.2.1 Study area 
The range of introduced chital in the northern Queensland dry tropics extends approximately 150 
km north-west from Charters Towers (20° 6’0” S, 146° 16’0” E), where land use is predominantly 
cattle grazing (McIvor 2012). The region is naturally wooded, with areas cleared and sown to 
improved pastures. The average minimum temperature for July is 11.5º C and the average 
maximum for December is 34.5º C. Average annual rainfall is 648 mm with 80% falling in the five 
months from November. Although soils are generally of low fertility (Burrows et al. 1990), the 
region is characterised by a variety of soil types including sandy and black alluvials, clay, porous 
red sands and loams, with nitrogen and mineral gradients for cattle ranging from very low to high 
(Bryant & Harms 2016). Herbivores other than chital in the region include cattle (Bos indicus) 
present at an average stocking rate of 5 /km2 (McIvor 2012) and three principal species of 
macropods, eastern grey kangaroo (Macropus giganteus), red kangaroo (M. rufus) and common 
wallaroo (M. robustus) present at a combined average density of 4.4 /km2 in 2014 (State of 
Queensland 2018). In localised areas of high chital density, chital are the predominant herbivore at 
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> 170 /km2 (Brennan & Pople 2016). Supplements containing Na, P and S are commonly fed to 
cattle in northern Australia (Bortolussi et al. 2005) resulting in increased reproductive output 
(Holroyd et al. 1977) and live weight gains (McLennan et al. 1981a). Although chital have access to 
these supplements, no landholder reported the chital consuming them. 
Sampling of soils and plants was undertaken on four cattle grazing properties in the region that 
supported chital populations originating from the same 1886 founder population. Gainsford, 
Toomba, Omara and Maryvale (Figure 6.1) each had areas of long standing (> 20 years) high and 
low chital density as described by landholders. Animal samples were sourced from Gainsford, 
Maryvale and The Brook, which are in the same region. Sampling of scats, soil, plants and chital 
occurred in March 2018, at the end of the wet season. 
 
 
Figure 6.1. (a) (above left) Map of Australia with inset denoting the study region; and (b) (above right) regional map 
showing Charters Towers and surrounds (350 x 250 km) including study sites Toomba, Gainsford, Maryvale and 
Omara. 
6.2.2 Selection of sites for sampling within properties 
Soils and original vegetation types in the Burdekin region vary over small spatial scales with 
consequent variations in biomass and forage quality (Bryant & Harms 2016). The primary 
consideration in selection of ‘high density’ sites was the verifiable density of chital which always 
occurred on darker soils, with mixed vegetation within about 1 km of water (Jesser 2005), although 
not all such areas supported chital. Areas of low chital density on the same property were selected 
to match the high density areas with respect to land types (McIvor 2012), physical soil properties 
(colour and texture), grass species and distance from water, but with negligible use by chital. This 
combination of soil type and proximity to water excluded the majority of the area on each property 
that was largely comprised of poorer soils more distant from water. On each property within the 
broad high density area identified by landholders, four points were selected approximately 600 m 
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apart, from which chital scats of all ages were counted within a strip transect 25 m long and 1 m 
wide. Indices of faecal pellet counts have been shown to be reliable indicators of deer density 
(Forsyth et al. 2007), although without counting rates of defecation and faecal decomposition 
estimates of actual abundance are not possible (Campbell et al. 2004). Their scats could readily be 
distinguished from scats of the other mammalian herbivores in the area: cattle, macropods, pigs and 
rabbits. There were no goats or other deer species on the properties with similar scats. Four points 
on each property were similarly selected as origins of low density transects from areas identified by 
landholders as having negligible chital density. The origins of each of the 32 transects were 
recorded by GPS and further used as the locations for soil and plant sampling. The intensity of 
sampling was chosen to reflect the relatively small areas occupied by chital.  
6.2.3 Soil and plant sampling 
Collection of soil and plants occurred during a six-day period more than one week following rain to 
minimise variations attributable to precipitation and moisture. Soil was sampled within 1.5 m from 
the origin of each transect using a hand-held soil auger as described by (Perrett et al. 2012). Each 
sample comprised seven cores 10 cm deep, 6 cm in diameter and approximately 1 m apart, sieved 
through a 2 mm mesh to remove debris, then batched and refrigerated for analyses. From each high 
and low density site on each property four samples were assayed totalling 32 assays. 
Within 5 m of each origin only young actively growing leaves were collected to a height of 1.2 m 
(to simulate food selection by chital), from plant species chital within the region were known to 
consume (K. Watter unpublished data). Species included grasses (buffel grass (Cenchrus ciliaris), 
Angleton grass (Dichanthium aristatum), Indian blue couch (Bothriochloa pertusa)), forbs 
(Townsville stylo (Stylothanthes humilis), black pigweed (Trianthema portulacastrum)) and shrubs 
(currant bush (Carissa ovata), Acacia spp., and Chinee apple (Ziziphus mauritiana)). The same 
species of grass, and where possible forbs and shrubs, were taken from high and low density sites 
on each property, although collection of forbs and shrubs was not always possible. For each species, 
10–20 new leaves from at least three plants situated > 3 m apart were pooled, batched according to 
species and refrigerated for transport to the laboratory.  
6.2.4 Laboratory analyses of soil 
The physical properties of soils influence nutrient availability. Properties analysed were pH, 
electrical conductivity (EC dS/m), total carbon (TC%), total nitrogen (TN%), air dry moisture 
content (ADMC), coarse sand percentage, fine sand percentage, silt percentage and clay percentage. 
They were analysed by a laboratory accredited through the National Association Testing Authority 
(NATA), accreditation number 5072. Soils were analysed for the concentrations of Ca, P, Mg, K, 
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Na, S, Fe, Mn, Zn and Cu. Processing and analysis was undertaken using standard techniques 
described by Osunkoya and Perrett (2011).  
6.2.5 Laboratory analyses of grasses, forbs and shrubs 
Mineral content (Ca, P, Mg, K, Na, S, Fe, Mn, Zn and Cu) of the plant samples was determined by 
digesting approximately 0.3 g of oven dried sample in 6 mL nitric acid and 2 mL perchloric acid 
then made up to 20 mL with reverse osmosis water. The digested samples were analysed using an 
inductively coupled plasma atomic emission spectrometer (Optima 7300 DV, Perkin Elmer; 
Wellesley, MA) at The University of Queensland, Gatton campus. 
6.2.6 Chital samples 
Chital were sampled from animals shot from a helicopter as part of a routine culling program 
conducted on Gainsford, Maryvale and The Brook. Forty-six animals were shot from areas where 
chital densities were high and transported by helicopter to a central processing area. Blood samples 
were then taken by ground crews usually within 30 minutes of death but in some cases up to one 
hour. Where animals were available for necropsy measurement of some analytes from sera were 
considered compromised due to leakage of material originally present at higher intracellular 
concentrations than sera (Hall & ZoBell 2011). Blood samples were centrifuged and frozen usually 
within four hours and transported to the laboratory. Samples were analysed by a NATA accredited 
laboratory, (accreditation number 14255), for the following analytes: Ca (Arsenozo 3), P 
(Phosphomolybdate formation), Na (Flame photometry), Cu and Zn (Atomic absorption 
spectroscopy) and Fe (BaSO4 formation). 
6.2.7 Statistical analyses 
The mineral contents of plant material at a property level were compared using a rank sum test in 
which mineral content was ranked 1–8 for each property and the mean ranking of high chital 
density sets compared with that of low density sets. If the eight property samples were ranked 1, 2, 
3, 4, for low density sites and 5, 6, 7, 8 for high density, or the reverse, the maximum difference in 
mean rankings would be low density (2.5), and high density (6.5), and if no difference in mean 
rankings were observed both high and low density means for both would be 4.5. P values were 
calculated using both a Wilcoxon analysis of assigned rankings (Meddis 1984) and a more ‘exact’ 
method which considered the 70 possible different combinations of rankings of eight samples from 
two groups.  
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Soil physical properties, soil mineral concentrations and plant mineral concentrations between high 
and low density sites over four properties were compared by combining the ranked property data 
and applying a Wilcoxon test of matching sets (Meddis 1984). 
Samples from all sites were further individually ranked according to the concentration of each 
mineral in all grass samples (n = 32). This enabled a prediction that a sample from a high or low 
density site would correctly rank in either the upper or lower half of the ranked samples.  
6.3 Results 
6.3.1 Chital distribution 
Scat counts support the classification of high and low density areas and suggest that populations 
were not homogenously spread across the environment (Table 6.1). Average distance to surface 
water ranged from 108 to 622 m for the four points at each site, with no bores supplying drinking 
water within the sampling area. On each property, sites of low chital abundance had soils of similar 
colour and land type to high abundance sites, and grasses of the same species but differed in the 
species of non-grass plants present (Table 6.1).  
Table 6.1. Observations made at sampling sites including property, chital density (high or low), scats recorded (mean 
and range), distance to water (m) average and range, species of grass (IB couch is Indian blue couch), forb and shrub 
sampled, description of land type and visual soil classification.  
Property Density Mean 
scat 
number 
Distance 
to water 
(m) 
Grass  
sp. 
Forb sp. Shrub sp. Site 
descriptor 
Soil  
classification 
Gainsford High 47 
(16-97) 
365 
(150-900) 
Buffell  Currant Ironbark Black 
Gainsford Low 0 158 
(30-360) 
Buffell Pigweed  Acacia Ironbark Black 
Toomba High 166 
(54-342) 
162 
(65-360) 
Angleton Stylo  Wetland Black 
Toomba Low 0 108 
(15-140) 
Angleton Stylo  Wetland Black 
Omara High 57 
(21-122) 
629 
(65-1,000) 
IB 
Couch 
Stylo  Ironbark Black 
Omara Low 0 622 
(290-900) 
IB 
Couch 
Stylo  Ironbark Black 
Maryvale High 21 
(4-44) 
258 
(70-350) 
IB 
Couch 
Stylo Chinee 
 apple 
Blacksoil 
plain 
Black 
Maryvale Low 0 
(0-3) 
414 
(50-950) 
IB 
Couch 
 Currant Blacksoil 
plain 
Black 
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6.3.2 Soil physical properties and chemistry 
Measures of particle size differed among habitats, with coarse sand percentage significantly (P < 
0.05) lower on high density sites and silt percentage significantly higher (Table 6.2).  
Soil pH, which affects nutrient solubility in water, was in a neutral range (6.5–7.5) with the 
exception of high density areas on Gainsford (mean pH = 6.3) and Maryvale (mean pH = 8.2). 
Electrical conductivity, TC and TN on both high and low density sites on Toomba were higher than 
on other properties. Total nitrogen was significantly (P < 0.05) higher in areas of low density than 
high density chital.  
Table 6.2. Mean values for soil physical properties, pH, electrical conductivity (EC dS/m), total carbon (TC%), total 
nitrogen (TN%), air dry moisture content (ADMC%), coarse sand (%), fine sand (%), silt (%) and clay (%), from high 
chital density samples (n = 16) and low chital density samples (n = 16) with standard errors. Average high and low 
density rankings are shown with test statistics and P values for rankings.  
Chital density pH EC 
dS/m 
TC% TN% ADMC
% 
Coarse 
sand% 
Fine 
sand
% 
Silt% Clay% 
High density mean 7.10 0.11 2.60 0.20 4.27 11.29 29.59 24.46 36.74 
SE of high density 
mean 
0.25 0.02 0.38 0.03 0.49 2.27 2.71 1.77 3.24 
Low density mean 7.17 0.12 3.47 0.31 4.04 19.74 26.01 18.31 34.78 
SE of low density mean 0.15 0.04 0.64 0.07 0.31 1.84 2.25 2.80 2.50 
Average rank high 4.25 4.88 3.66 3.56 4.47 3.19 4.94 5.38 4.59 
Average rank low 4.75 4.13 5.34 5.44 4.53 5.81 4.06 3.63 4.41 
Test statistic 0.333 0.750 3.797 4.688 0.005 9.188 1.021 4.083 0.047 
P value 0.564 0.386 0.051 0.030 0.942 0.002 0.312 0.043 0.829 
 
In the analyses of soil chemistry phosphorus concentrations were significantly higher at high 
density sites than low density sites. Sodium concentrations of 16 samples were at the lower limit of 
detection (Table 6.3), with exchangeable sodium indicating strongly non-sodic soil (70% of samples 
< 1% Na) (Baker & Eldershaw 1993) with corresponding levels of chlorine less than 20 mg/kg. 
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Table 6.3. Mean soil mineral concentrations (Ca, P, Mg, K, Na, S, Fe, Mn, Zn, Cu g/kg dry matter (DM) from high 
chital density samples (n = 16) and low chital density samples (n = 16) with standard errors. Average high and low 
density rankings are shown with test statistics and P values for rankings.  
Chital density Ca 
g/kg 
(DM) 
P 
g/kg 
(DM) 
Mg 
g/kg 
(DM) 
K 
g/kg 
(DM) 
Na 
g/kg 
(DM) 
S 
g/kg 
(DM) 
Fe 
g/kg 
(DM) 
Mn 
g/kg 
(DM) 
Zn 
g/kg 
(DM) 
Cu 
g/kg 
(DM) 
High mean 
concentration 
16.37 54.00 10.70 1.34 0.76 6.31 87.84 26.12 1.37 2.16 
High SE 2.18 9.62 1.51 0.22 0.29 1.46 28.72 4.82 0.23 0.27 
Low mean 
concentration 
16.52 39.25 8.89 1.37 0.54 7.56 37.03 15.93 1.38 3.28 
Low SE 1.69 9.47 0.88 0.17 0.26 2.80 5.65 3.26 0.39 1.01 
Average rank high 4.47 5.38 5.00 4.59 4.81 4.56 5.13 5.06 5.03 4.75 
Average rank low 4.53 3.63 4.00 4.41 4.19 4.44 3.88 3.94 3.97 4.25 
Test statistic (rank) 0.01 4.08 1.33 0.05 0.52 0.02 2.08 1.69 1.51 0.33 
P value 0.94 0.04 0.25 0.83 0.47 0.89 0.15 0.19 0.22 0.56 
6.3.3 Grass chemistry 
Proportional differences between mean mineral concentrations from high and low density areas 
were greatest for Na (x3.3), Mn (x2.3), Fe (x2.1), and Mg (x1.3). Considering all properties, the 
average rank of mineral concentrations in grass was significantly higher in high density areas for 
four of the 10 minerals tested (Table 6.4).  
Due to the paucity of available data on minimum mineral requirements for deer (Grace & Wilson 
2002) those of beef cattle (National Academies of Sciences & Medicine 2016), which are similar to 
those published for sheep (Paynter 1996) are shown with mineral levels of grass samples (Table 
6.4).  
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Table 6.4. Mean mineral concentrations (Ca, P, Mg, K, Na, S, Fe, Mn, Zn, Cu) in grass dry matter (DM) from high  
(n = 16) and low (n = 16) chital density areas with standard errors. Average ranked concentrations of minerals from 
both high and low density sites are shown with test statistic and P value for rankings. Minimum requirements of 
minerals (Ca, P, Mg, K, Na, S, Fe, Mn, Zn, Cu) in forage for beef cattle are shown for growth and early lactation 
(National Academies of Sciences & Medicine 2016), (*).  
Chital density Ca 
g/kg 
(DM) 
P 
g/kg 
(DM) 
Mg 
g/kg 
(DM) 
K 
g/kg 
(DM) 
Na 
g/kg 
(DM) 
S 
g/kg 
(DM) 
Fe 
mg/kg 
(DM) 
Mn 
mg/kg 
(DM) 
Zn 
mg/kg 
(DM) 
Cu 
mg/kg 
(DM) 
High density 
mean 
3.26 2.59 2.27 24.89 0.84 1.42 1,019 73.20 25.26 10.59 
SE of High 
density mean 
0.32 0.15 0.12 2.81 0.32 0.17 396.3 11.81 2.58 0.46 
Low density 
mean 
3.20 2.49 1.77 22.92 0.25 1.21 481.7 32.39 16.51 11.42 
SE of Low 
density mean 
0.31 0.25 0.09 2.32 0.08 0.10 106.5 3.42 1.74 0.62 
Average rank 
high 
4.44 4.94 5.50 5.00 5.63 4.94 5.50 5.88 5.25 4.44 
Average rank 
low 
4.56 4.06 3.50 4.00 3.38 4.06 3.50 3.13 3.75 4.56 
Test statistic 0.021 1.021 5.333 1.333 6.750 1.021 5.33 10.08 3.00 0.021 
P value 0.885 0.312 0.021 0.248 0.009 0.312 0.021 0.001 0.083 0.885 
*Requirement 
for growth  
2.7 1.5 0.10 0.6 0.7 1.5 50.0 10.0 30.0 10.0 
*Requirement in 
early lactation  
3.0 2.0 0.20 0.7 1.0 1.5 50.0 20.0 30.0 10.0 
 
Ranking of grass samples (n = 32) by mineral concentration correctly predicted either high or low 
density collection sites for 81% (26/32) of samples on the basis of ranked Mn concentrations, along 
with Mg (69%), Na (69%), Zn (59%) and Fe (56%). The remaining minerals, Ca, P, K, S, and Cu, 
were correctly predicted according to site category in 50% of samples. 
6.3.4 Chemistry of forbs and shrubs  
Forbs and shrubs were sampled from 28 and 16 sites respectively. Mineral concentrations were 
generally similar to grass samples although overall ranked analysis of incomplete sets was not 
attempted. Where the same species (stylo) was available for comparison between high and low 
density sites (on Toomba and Omara) mean mineral concentrations varied among sites of different 
deer density. Concentrations of all minerals were higher in high density sites than in low density 
sites on Toomba: P, Mg, S, Fe and Zn by a factor of 1.5-2, and Na and Mn were 3.7 and 4.8 times 
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higher respectively. On Omara Ca, P, Mg, S and Zn were marginally higher on high density sites 
and K, Na, Fe, Mn and Cu were lower. 
An exception to the similarity in mineral concentrations between grasses and forbs were the Na 
concentrations of four pigweed samples taken from both habitats on Gainsford. Mean levels in this 
plant (17.1 g/kg, range 2.3–30 g/kg, n = 4) were 34 times higher than grasses (0.5 g/kg, n = 32).  
6.3.5 Mineral concentrations in sera 
Serum samples from seven animals recording haemoglobin (Hb) concentrations > 7 g/L were not 
considered due to haemolysis of red blood cells (an artefact of sampling), the mean Hb of the 
remaining 39 samples was 2.5 g/L (1.0–4.8 g/L, SE = 0.14). The effect of haemolysis on serum 
concentrations of Fe, P and Zn (Table 6.5) would be to elevate recordings beyond in vivo levels, and 
beyond the physiologically normal range. While this is apparent with Fe and P serum 
concentrations of Zn were below reference values for chital (Suresh et al. 2013) for the majority of 
those animals sampled. 
Table 6.5. Mean serum concentrations of selected minerals with standard errors from chital samples (n = 39), along 
with reference values for Ca, P, Cu, Zn and Fe taken from captive chital in India (Suresh et al. 2013) and Na from wild 
fallow deer (Dama dama) in Australia (English & Lepherd 1981) (denoted * and italicised).  
Parameter Ca Phos Na Cu Zn Fe 
mmol/L mmol/L mmol/L umol/L umol/L umol/L 
Sample mean  
n = 39 
2.62 4.67 147.1 13.73 10.53 48.66 
Sample SE 0.04 0.19 0.87 0.61 0.74 1.98 
Reference mean 2.50 2.00 143.3*/ 8.20 11.5 24.7 
Reference SE 0.15 0.15 1.90* 0.32 0.58 0.68 
 
6.5 Discussion 
In the present study the density of recent and aged scats differed markedly between high and low 
density areas and supports observations that chital herds occupy the environment in localised 
populations. Habitat characteristics of soil colour, distance to water and original vegetation types 
were similar on both high and low density sites within properties. The physical properties of soils 
which act singly and in combination to influence the availability of minerals to plants (Brady & 
Weil 2017) varied only slightly among properties, and between areas of high and low chital density 
within properties. Mineral concentrations however varied notably in both soils and plants over 
scales of hundreds of metres. Chital density matched average ranked mineral content for both soils 
and plants. Concentrations of P in soil and Na, Mg, Fe and Mn in grasses were greater in areas of 
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high chital density than areas of negligible density. The mean concentrations of essential minerals 
Na, Mn, Fe and Mg were between 3.3 and 1.3 times higher in grasses taken from habitats occupied 
by chital. Differences in the relative availability of minerals in grass and soil could be a determinant 
of chital distribution. Our study was done on only four properties but our results do suggest that the 
influence of nutrients on distribution should be investigated further. 
Chital principally derive their minerals from plants (Brady & Weil 2017) which during the wet 
season is comprised of greater than 90% grass in both their native Indian range (Khan 1994) and in 
northern Queensland (Watter et al. unpublished data). Grass is abundant and actively growing 
during this time but reduces to approximately 50% of intake during the dry season and is replaced 
in the diet with browse items (shrubs and forbs) (Watter et al. unpublished data). With the exception 
of Na, we found similar mineral concentrations in different plant groups (grasses, forbs and shrubs). 
The exception was a Na accumulator (Seagle & McNaughton 1992), black pigweed that was found 
to have greater than 30 times the Na concentration of other plants sampled. Pigweed is an annual 
succulent plant which in diet studies of chital deer in Queensland (Watter et al. unpublished data) 
was present in the rumen samples of approximately one third of the animals sampled during the wet 
season but not identified in dry season samples. The full significance of this and potentially other 
bioaccumulator plants that are sparsely distributed and not always available is not clear.  
Mineral concentrations in plants were a better guide to chital abundance than those in soils. 
Influences of soil physical properties and interactions among nutrients result in only a fraction of 
soil minerals being present in a form available to plants (McDowell & Arthington 2005). The 
difference in soil P between high and low density areas did not translate to significant P differences 
in grasses between high and low density areas. In northern Australia P has been demonstrated to be 
a first limiting nutrient for plants with forage yields increasing with available P (Jones 1990). It 
seems likely that if the plants’ need for P were better met in high density areas there may be an 
increased uptake and response by plants to other minerals.  
Sodium, which was present in soils of low density sites at very low concentrations, is only required 
and absorbed in small amounts by tropical grasses (Brady & Weil 2017); however, the difference in 
mean Na concentrations between grasses of high and low density sites was three-fold, which 
appears particularly worthy of further investigation because it influences the distribution of 
herbivores elsewhere, e.g. African ungulates (McNaughton 1990; Seagle & McNaughton 1992). 
The importance of Na to herbivores and deficiencies in many natural diets has led to behavioural 
and physiological adaptations to increase uptake and retention in moose (Alces alces), (Belovsky & 
Jordan 1981), white-tailed deer (Odocoileus virginianus), (Weeks Jr & Kirkpatrick 1976) and a 
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range of species in Australia (Blair-West et al. 1968). The principal benefit of geophagia at natural 
licks is thought to be intake of Na (Kennedy et al. 1995) and the challenge for free ranging 
herbivores to obtain adequate Na in deficient environments has been proposed as a regulator of 
herbivore populations (Wallisdevries 1996; Robbins 2012).  
Magnesium is required by plants in relatively large quantities whereas micronutrients Fe and Mn 
are required by plants in lesser quantities (Brady & Weil 2017). These minerals were available in 
higher concentrations in grasses at sites of high deer density than at low density sites, but in both 
areas were at levels sufficient for maintenance and reproduction in livestock (Agricultural Research 
& Commonwealth Agricultural 1980). Areas of low density, however, would be deficient in Na and 
Zn for both growing and lactating cattle. Sodium requirements would, in addition, not be met for 
lactating cattle in areas of high density from grass alone. Nutrient requirements of chital that are not 
met by grass intake must be sourced elsewhere. Habitat selection, the presence of Na accumulating 
plants, and the potential ingestion of soil (Seagle & McNaughton 1992) all appear important in 
achieving sufficient levels of intake. 
Samples taken from shot chital provide more accurate information on the mineral adequacy of their 
total diet than on mineral concentrations in food plants by including any contributions made by 
minerals in water and ingested soil (McDowell 1985), as well as allowing for the present mineral 
status of the animal in the uptake of minerals. Serum analytes that can be interpreted with 
confidence include Na and Zn. Sodium concentrations within red blood cells do not exceed those of 
serum (Beutler 1978) thus minimising the likelihood of concentrations increasing due to 
haemolysis. Sodium concentrations in chital during the wet season approximated the normal range 
for wild fallow deer in Australia (English & Lepherd 1981) suggesting chital obtain adequate Na. 
The higher (three-fold) grass Na concentrations in high density habitats highlight the value of 
habitat selection in avoiding dietary deficiency. Despite Na being considered the most limiting 
nutrient to wild herbivores worldwide and thus probably influencing distribution no clear evidence 
exists of sodium shortage in the blood of large wild herbivores (Wieren et al. 1998). One 
explanation for this is the importance Na plays in regulating extracellular fluid volumes critical to 
animal homeostasis, and the rapid adaptations animals make to conserve Na through increased 
retention from urine (McDowell 1985). Further evaluation of Na adequacy in the diet might come 
from both urine and saliva (McDowell 1985) during the dry season when pigweed and other forbs 
are not available and concentrations of minerals including Na, Zn, and S are lower in senescent 
grass samples (Masters 1996). 
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Zinc, which unlike P and Cu has no definite storage pool in the body is tightly regulated in serum 
through homeostasis and absorbed according to animal requirements (Herdt & Hoff 2011). Recent 
dietary intake is therefore reflected in serum concentrations. Zinc is present in blood cells at higher 
concentrations than serum (Hall & ZoBell 2011) and if serum concentrations were to be 
compromised due to post mortem haemolysis any change would result in an overestimation. 
However Zn concentrations in chital serum appear marginal based on serum concentrations of 
clinically deficient cattle (Kincaid 2000), sheep (Paynter 1996) and chital (Suresh et al. 2013). 
Baseline data for serum Zn in chital was derived from feeding experiments in India in which adult 
animals fed at least 53 mg Zn/day recorded serum concentrations of 11.5 umol/L (10.9–12.1 
umol/L). By comparison 79% of wild chital had serum Zn below 10.9 umol/L. Zinc is generally at 
low levels in this environment and blood concentrations are suggestive of a marginal dietary 
deficiency. Further study of Zn availability is worthy of investigation using larger sample sizes to 
assess the influence of Zn on chital distribution. 
Other than influencing chital distribution, mineral availability may be a determinant in the overall 
success of the species. By limiting areas suitable for occupation, or through suboptimal growth or 
reproduction, mineral availability may have reduced the potential of the chital herd to expand in the 
present study. A theoretical basis for this is the increased requirement for Zn and Mn for 
reproduction compared with growth in ruminants (Hidiroglou 1979), and the reduced viability of Zn 
deficient offspring (Hall & ZoBell 2011). Validation of any model linking population scale success 
of a herbivore to mineral nutrition would require measurable responses to supplementation (Flueck 
1994) over appropriate periods of time. 
The variability of nutrients in soils and plants over small spatial scales seen in the present study and 
by McCosker and Winks (1994) in the same region provide a rationale for habitat discrimination by 
ungulates on a similar scale. There is evidence that chital concentrate in areas most likely to deliver 
sufficient minerals in forage. Once established in a habitat a further contributor to long term 
occupation is the potential herbivores have to change and potentially enhance their habitat through 
nutrient recycling (Bell 1982). Soils of higher fertility increasingly support nutrient dense plants 
which are selected by herbivores at the next trophic level, processed and deposited in a positive 
loop (Augustine et al. 2003). A corollary to this is the tendency of plants grown on poorer soils to 
have not only lower nutrient concentrations but higher levels of defensive compounds, tannins and 
lignin which reduce herbivory by ungulates (Cooper & Owen-Smith 1985). 
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6.6 Conclusion  
Our findings show that mineral concentrations in soil and plants vary between areas with high and 
low densities of chital. Variation in mineral availability, particularly Na, provides one explanation 
for habitat selection and the observation that chital populations are clumped in the environment. 
However, the habitats occupied by chital appear to provide insufficient mineral concentrations in 
forage such that levels may be below those ideal for maintenance and reproduction in other 
ungulates. Mineral deficiencies, notably Zn, may be a limiting factor to both the widespread 
distribution of chital and a more rapid expansion of the population. Where mineral availability can 
be linked to the distribution and success of wild ungulates including chital there is opportunity to 
apply this predictability to species management. The modest rate of increase of chital in the 
Burdekin district may be exceeded if wild herds form in regions where mineral availability is both 
adequate and contiguous. Under these circumstances chital may be more significant as an invasive 
species with impacts beyond that of a competitor with cattle for grass. Our results here are 
preliminary and only indicative. We acknowledge the need for larger scale studies over both wet 
and dry seasons to explore the role of mineral availability in habitat selection and population 
dynamics of chital and other free ranging ungulates. 
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Chapter 7 Decline in body condition and high drought 
mortality limit spread of wild chital deer in north-eastern 
Queensland, Australia 
Watter, K, Baxter, G, Brennan, M, Pople, A & Murray, P 2019b, ‘Decline in body condition and 
high drought mortality limit the spread of wild chital deer in north-east Queensland, Australia’, The 
Rangeland Journal, 41(4) 293-299.  
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Plate 7. Chital stag, Maryvale 2012.  
Photo: S. Robinson 
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7.1 Introduction 
Chital or Indian spotted deer (Axis axis) are endemic to south Asia including India, Bangladesh, Sri 
Lanka and Nepal and have been successfully introduced to several countries including the USA, 
Brazil, Argentina, and Australia (Sankar & Acharya 2004). Despite an ability to inhabit a range of 
forest types in their native range (Dave 2008) the species has had variable success in new habitats. 
Some introduced populations have failed to persist and others have expanded at low rates 
suggesting the species and its new environment are poorly suited (Bentley 1978). Success of a 
species in a new environment is influenced by founder population size, food, water, shelter 
availability, and a relative lack of competitors for these resources, low rates of predation (Pimm 
1989), and factors influencing the health of individuals including disease and parasites. Identifying 
those factors that limit population size enable predictions as to the extent to which a species may 
spread. In Australia there is increasing recognition of the potential for deer species to expand their 
range and increase in abundance (Davis et al. 2016).  
While chital released in the Burdekin district of northern Queensland in 1886 established free-living 
populations, those released on the Darling Downs of southern Queensland around the same time did 
not. By 2014, 128 years after release, chital had spread some 100 km from the point of release in 
northern Queensland. Within this invaded range chital distribution is not uniform with localised 
high-density populations but low overall densities were recorded by aerial survey (Brennan & Pople 
2016). There is little published information on chital numbers in northern Queensland, but Brennan 
and Pople (2016) estimated a population of 32,000 animals in 2014. Over the subsequent two years, 
chital populations surveyed on two different cattle grazing properties declined by more than 80% 
during a period when the two-year rainfall total was approximately 40% below the long-term 
average. Between February 2014 and April 2016 chital densities on Spyglass station declined from 
more than 10/km2 to less than 2/km2. Between December 2014 and April 2016 chital densities on 
nearby Niall station declined from more than 60/km2 to less than 4/km2 with the most substantial 
declines during 2015 (Brennan & Pople 2016). In this paper we aim to provide an explanation for 
this decline by making the temporal link between subnormal rainfall, historically low forage 
availability, and poor body condition of adult chital. We suggest that drought reduced forage 
resources sufficiently to cause nutritional stress in chital and that declines in body condition were 
significant enough to cause sufficient mortalities to affect population size.  
The nutritional status of wild animals has been assessed using estimates of fat deposits at various 
locations in an animal’s body (Nieminen & Laitinen 1986). Total fat percentages in the bodies of 
white-tailed deer (Odocoileus virginianus) correlate with kidney fat indices (KFI); (Finger et al. 
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1981), which correlate strongly with bone marrow fat (BMF); (Nieminen & Laitinen 1986). Fat is 
not deposited uniformly throughout the body but when nutrition allows fat is deposited first in the 
bone marrow, then around the kidney, and lastly in subcutaneous tissues (Riney 1955). During 
times of condition loss fat is firstly utilised from the subcutis and lastly from the marrow.  
When energy intake is limited fat stores are utilised for the maintenance of physiological functions 
as well as the additional cost of functions such as growth and reproduction. The adequacy of fat 
reserves for individuals varies accordingly. Growing deer require approximately twice the energy of 
adult hinds which in turn have an increasing energy demand during pregnancy, and approximately 
twice maintenance requirement during lactation (Mulley & Flesch 2001). Increased energy 
requirements for reproduction in deer applies to both males and females and in the case of red deer 
(Cervus elaphus) in approximately equal measure (Bobek et al. 1990). While the metabolic demand 
for antler growth in male red deer is about 1% of the annual energy budget the energy expended 
during the 30-day rut period is about 25% of the annual energy budget (Bobek et al. 1990). While a 
similar energy cost would be expected to apply to chital they do not follow a synchronised breeding 
season but are known to mate and give birth in any month (Bentley 1978). In Queensland birth 
frequency is highest in the wet season and rutting activity is most common during the dry season 
(Pople unpublished data).  
Models of ungulate dynamics suggest that species weighing more than 30 kg are almost always 
extrinsically regulated (Caughley & Krebs 1983) through dynamics created by interactions between 
animals and their environment. Under conditions of high population density should growth rates of 
large mammal populations decline animal classes are affected in a predictable order. Initially 
juvenile survival is reduced followed by increased age at first reproduction, reduced reproductive 
output in mature females and finally increased adult mortality (Eberhardt 2002). The resulting 
fluctuations in animal density vary according to the extent of the environmental change with sudden 
sharp changes in numbers representing an extreme case of population restructuring. 
Fat stores in herbivores reflect the health of the population but oscillate around a long term and 
potentially variable equilibrium (Caughley 1970b). As indices of body condition both KFI and 
BMF are useful at different stages of fat depletion with KFI reflecting short-term food availability 
and requirements and BMF reflecting longer-term nutritional conditions (Takatsuki 2000). If food is 
limiting, then this should be reflected in an animals’ body condition. If acute and prolonged the 
food shortage may in turn affect a population’s rate of increase through increasing the mortality 
rate, decreasing the birth rate or both.  
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Our objective in this study was to investigate drought mortality as a possible regulator of chital 
populations in northern Queensland. We hypothesise that where population regulation takes the 
form of a dynamic oscillation, primarily the result of altered juvenile survival, impacts on adult fat 
storage would be minimal. However, in the event of a prolonged or catastrophic food shortage 
reduced fat storage in adults would be measurable in both kidney and bone marrow stores. If this 
were the case body condition may be a reliable predictor of population growth. This study 
monitored the body condition of adult chital during the period from 2014–2016 when food was 
limited and the population declined by approximately 80%.  
Using modelled historical records of forage availability, we also relate rainfall patterns to 
previously observed declines in the chital population in the Queensland dry tropics. In the Burdekin 
district the modest spread of chital since 1886 is considered in the light of these seasonal and 
drought-induced forage shortages, as is their potential to spread further across northern Australia. 
7.2 Methods 
7.2.1 Study area 
The study sites were located approximately 130 km north of Charters Towers in the greater 
catchment area of the Burdekin River, northern Queensland, Australia. Both Spyglass (19° 29.35S, 
145° 41.11E) and Niall (19° 25.14S, 145° 18.37E) stations are cattle properties separated by about 
40 km, approximately 40,000 ha in size with carrying capacities of around 4,000 adult cattle in 
years with average rainfall. The district is naturally wooded on soils of low fertility (McIvor 2012), 
with some cleared areas sown to pasture grasses and legumes with artificial water sources built to 
complement natural watercourses. The average December maximum temperature is 34.5° C, while 
average July minimum temperature is 11.5° C (Commonwealth of Australia, Bureau of 
Meteorology 2019). Average annual rainfall for Spyglass station is 598 mm, and Niall station 637 
mm, with about 80% falling in the five months from November 
(https://www.longpaddock.qld.gov.au) (accessed 26 May 2019) producing a dry season shortage of 
forage in terms of both availability and quality (Poppi & McLennan 1995). Herbivores other than 
chital include cattle present at densities of 5–25 /km2, and three principal species of macropod, 
eastern grey kangaroo (Macropus giganteus), red kangaroo (M. rufus), and common wallaroo (M. 
robustus) present in 2014 at a combined average density of 4.4 /km2) (State of Queensland 2019). 
7.2.2 Forage availability  
The software ‘FORAGE’ (Stone et al. 2019) (accessed 26 May 2019) was used to predict available 
vegetation on Niall station (which experienced similar rainfall and climate to Spyglass) for the 
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months from January 1970 to September 2018. FORAGE was used to estimate monthly total 
standing dry matter (TSDM, kg/ha) and growth (new growth of vegetation, kg/ha). 
7.2.3 Sample collection from chital 
Samples from 162 chital were taken at necropsy during four sampling events conducted on Spyglass 
and Niall stations, where during the same years surveys were conducted by Brennan and Pople 
(2016). Samples included the lower jaw for aging by patterns of molar eruption and wear (Hall et al. 
2012), kidneys for kidney fat measurement, and a femur for measuring bone marrow fat. The sex 
and reproductive status (e.g. lactating, pregnant) of each animal was also recorded. Animals were 
sampled during discrete five day periods in October 2014 and 2015, and March 2015 and 2016, 
coinciding with dry and wet seasons respectively. On each occasion a minimum of 20 adult animals 
(10 males and 10 females) were shot on each property at either dawn, dusk, or at night while 
animals were feeding, with Department of Agriculture and Fisheries Animal Ethics approval (AEC 
SA2014/07/475).  
7.2.4 Laboratory analyses of kidney and bone marrow fat  
Both kidneys were transported frozen to the laboratory, thawed, and trimmed of fat beyond both the 
caudal and cranial poles (Finger et al. 1981). The remaining fat was separated and the relative 
weight of the fat to the kidneys expressed as a percentage (KFI). 
Femurs were transported frozen to the laboratory for analysis as outlined by Neiland (1970). Femur 
marrow samples were weighed before and after drying for three days at 60° C. The weight 
difference was attributed to water content and the remaining substrate expressed as percentage fat 
(BMF). 
7.2.5 Statistical analyses 
KFI indices were log transformed to normalise distribution. A generalised linear model was used to 
examine the influence of season, location, sex, age, pregnancy and lactation status on KFI. BMF 
percentages were analysed using both Welch two sample t-tests and Wilcoxon rank sum tests with 
continuity correction using the same variables. Body condition was compared between animals 
according to age (> 2 years and < 2 years), which was the age at which survival increased and 
cohort (age group) sizes stabilised (Watter unpublished).  
Pearson’s correlations were used to test the relationship between two response variables (KFI and 
BMF), and environmental predictors including TSDM kg/ha for the months when condition scores 
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were measured, mean monthly TSDM (kg/ha) for the six months prior to sampling (six-month 
trailing average), and previous six-month total rainfall. 
7.3 Results  
7.3.1 Rainfall and forage availability. 
Annual rainfall on Spyglass station for 2013 to 2016 inclusive ranged from 221 to 480 mm, 40% 
below the long term average (Figure 7.1). Similarly, on Niall station annual rainfall ranged from 
217 to 498 mm, or 41% below the long term annual average. Both sites received 66% less rainfall 
than the long-term average in 2015. 
 
Figure 7.1. Monthly rainfall at Spyglass (black) which was similar to Niall, and average monthly rainfall since 1900 
recorded at BOM weather station Hillgrove (grey). Hillgrove is situated close to both properties. 
Monthly estimations of total standing dry matter (TSDM kg/ha) from Niall station since 1970 as 
generated by FORAGE showed large variations around a monthly mean of 1,519 kg/ha (Figure 
7.2). 
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Figure 7.2. Monthly total standing dry matter (kg/ha) for the period from January 1970 to September 2018 with the 
horizontal line denoting the monthly mean TSDM (1,519 kg/ha) since January 1970, symbol O centred on the sampling 
period from October 2014 to March 2016. 
From October 2013 TSDM (kg/ha) and mean monthly new growth (kg/ha) declined and were below 
average (Figure 7.3). Mean monthly TSDM in 2015 was 147 kg/ha (average = 1,519 kg/ha), and 
mean monthly growth 12 kg/ha (long term monthly growth = 152 kg/ha). Both TSDM and ‘growth’ 
increased from November 2015 along with rainfall for the previous six months. 
 
Figure 7.3. Total standing dry matter (kg/ha) (black line), forage growth (kg/ha) (grey line) and rainfall (mm for the 
previous six months) (broken line) for the period October 2013 to March 2016. Chital density Niall station from 
December 2014 to April 2016 (animals/km2) (dotted line) (Brennan & Pople 2016). 
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7.3.2 Body condition of chital assessed using KFI  
Mean KFI of chital from both study sites varied seasonally, being less than 25% fat during the dry 
seasons to above 45% during the wet seasons. Highest mean KFI was recorded during the 2016 wet 
season on Niall station, and the lowest mean value during the dry season in 2015 on Spyglass 
station (Figure 7.4a).  
The primary effect on KFI was season, with a minor effect of location during the dry season. KFI 
differed significantly between seasons (F1, 147 = 103.2, P < 0.001), and between seasons according to 
location (F1, 147 = 4.03, P = 0.046). No significant differences were found between animals less than 
or older than two years of age (F1, 146 = 0.88, P = 0.35). Neither sex (F1, 146 = 0.012, P = 0.91), 
pregnancy (F1, 83 = 1.08, P = 0.30), or lactation (F1, 83 = 0.03, P = 0.86) were significant. 
7.3.3 Body condition of chital assessed using BMF 
Mean BMF displayed a similar pattern at both study sites with lowest values recorded in dry season 
2015 (Figure 4b). BMF differed significantly between seasons (P < 0.001) (dry season mean = 65.7 
± 3.4%, n = 76; wet season mean = 87.2 ± 1.9%, n = 80), using both a Welch two sample t-test  
(t119 = 5.47) and a non-parametric Wilcoxon rank sum test (W = 1,382). Standard errors varied 
greatly between seasons (Figure 7.4b). 
After partitioning the data based on season, further testing using Welch two sample t-tests showed 
no significant effects of location (dry season t72 = 0.65, P = 0.52; wet season t78 = 0.80, P = 0.42), 
sex (dry season t62 = 0.04, P = 0.96; wet season t55 = 1.31, P = 0.20), or age (dry season t16 = 1.06, P 
= 0.30; wet season t30 = 0.07, P = 0.94) on BMF. Similar results were obtained using Wilcoxon rank 
sum tests. 
Neither pregnancy (dry season t21 = 1.33, P = 0.20; wet season t35 = 1.24, P = 0.22) nor lactation 
status (dry season t8 = 0.35, P = 0.73; wet season t11 = 0.10, P = 0.92) had any significant effect on 
BMF using a Welch two-sample t-test. Comparable results were obtained with the Wilcoxon test. 
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Figure7.4a 
 
Figure 7.4b 
Figure 7.4. (a). Mean KFI by season, Spyglass (grey), Niall (black) with standard errors shown, n = 162, each column 
represents approximately 20 animals; (b) Mean BMF by season, Spyglass (grey), Niall (black) with standard errors, n = 
162, each column represents approximately 20 animals. 
7.3.4 Relationship between KFI and BMF  
The (convex) relationship between KFI and BMF in chital reflects the relative cascade of fat 
utilisation from peri-renal depots to bone marrow depots as body condition declined (Figure 7.5). 
Kidney fat in chital was utilised to around 30% before large amounts of fat from femoral bone 
marrow was used. KFI was a more sensitive measure of condition for animals with KFI above 30% 
than those with KFI below 30%. Below about 30% KFI, the BMF became the more sensitive 
measure. 
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Figure 7.5. BMF and KFI of individual animals, Spyglass and Niall, n = 162.  
7.3.5 Correlation of body condition with environmental variables 
Pearson’s correlations showed KFI and BMF were more closely related to rainfall than either a 
sampling date or six-month trailing TSDM average. Correlation of BMF with rainfall over the 
previous six months was 0.83 (t = 2.09, df = 2, P = 0.17), while that of KFI with rainfall was 
significant (P < 0.05) at 0.97, (t = 6.28, df = 2, P = 0.02).  
7.4 Discussion 
7.4.1 Effects of body condition decline on the population 
Annual fluctuations in body condition of deer are common and have been observed in white-tailed 
deer (Finger et al. 1981), mule deer (Odocoileus hemionus) (Anderson et al. 1972), and red deer 
(Riney 1955). The extent of the fall in mean condition of chital during 2015, however, was beyond 
the normal seasonal fluctuations reported in North America (Anderson et al. 1972), and those 
observed in this study during 2014. BMF measurements consistent with starvation in other deer 
species (Ratcliffe 1980) were recorded in dry season 2015, coincident with the observed decline in 
chital numbers. Although animals most vulnerable to nutritional stress were juveniles still suckling 
and reliant on their mothers (Eberhardt 2002), the scale of the population declines reported by 
Brennan and Pople (2016) during 2015 indicate mortalities beyond that of the young and recently 
weaned. 
Kidney fat measurements are considered most useful for animals in moderate to good condition 
(Takatsuki 2000) but show considerable variation (Caughley 1970a; Anderson et al. 1972). The 
extent of variation in KFI is dependent on region and the extent of seasonal differences with 
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northern American white-tailed deer storing more fat prior to winter in northern latitudes than those 
in the subtropical south (Johns et al. 1984). Interpretations of KFI require consideration of species, 
region and season. 
Kidney fat was not utilised to exhaustion by chital before other fat stores were used, with marrow 
fat used increasingly when KFI fell below approximately 30%. The simultaneous use of both fat 
depots during periods of severe condition loss has been recorded in red deer (Suttie 1983) with 
some fat remaining around the kidney even during starvation events. Generally however, fat 
mobilization was sequential from kidneys to bone marrow below a KFI of about 30%, recorded also 
in Sika deer (Cervus nippon) in Japan (Takatsuki 2000) and in white-tailed deer in Manitoba 
(Ransom 1965). In red deer BMF was utilised at kidney fat indices below about 50% (Suttie 1983). 
Fat measurements from kidney depots are accordingly most appropriate for well-conditioned 
animals while BMF is more appropriate for less well-conditioned animals. For those animals in a 
transitional stage, when utilising fat stores from both sources, both measures should be used (Riney 
1955; Anderson et al. 1972; Takatsuki 2000). On both study sites, mean KFI during the dry seasons 
was below 25% making BMF a more sensitive measure of condition.  
Interpretation of BMF to predict the health of individual chital, or consequences for the population, 
can be made subjectively by correlating data with visual appraisals of body condition, by comparing 
chital BMF with published data from another species, or by relating BMF to population rates of 
increase. BMF below 8% was associated with starvation in reindeer (Rangifer tarandus) in 
Scandinavia (Nieminen & Laitinen 1986), while roe deer (Capreolus capreolus) with less than 50% 
BMF in Scotland were considered in poor condition with 11% diagnostic of starvation (Ratcliffe 
1980). In a study of white-tailed deer in New York (Cheatum 1949) severe malnutrition was 
manifest where BMF dropped below 25%, although individuals still standing recorded less than 2% 
BMF but were considered unlikely to survive. Chital in the 2015 dry season had a BMF of ~ 50% 
(range 6–93%), with 23% of individuals recording < 20% BMF during the period of marked 
population decline. While broadly consistent with BMF recorded in other species under nutritional 
stress, the threshold below which a population declines is most likely species specific. 
7.4.2 How declining body condition impacts individuals  
The significance of fat stores for survival of individual animals can be related to their energy 
requirements. Cohorts of chital with increased metabolic demands due to growth and lactation 
(Mulley & Flesch 2001) had mean BMF measurements below that of the mean of the remainder of 
the sampled population although the trend was not statistically significant. Several factors might 
explain this finding. Regardless of condition fat deposition either around the kidneys or in marrow 
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cavities in younger (growing) animals only occurs to a limited degree. Kidney fat measurements in 
impala (Aepyceros melampus) were not considered reliable indicators of condition in animals under 
three years (Hanks et al. 1976), while those of bone marrow were not considered reliable in juvenile 
impala or deer of various species (Ratcliffe 1980). Anderson et al. (1972) found BMF to be higher 
in older and female mule deer in Colorado describing a strongly seasonal cycle in BMF associated 
with reproduction. The lack of a relationship between condition and reproductive status in chital 
might be explained by their aseasonal pattern of reproduction in an environment where pasture 
growth and food availability are highly seasonal (Poppi & McLennan 1995). The peak period of 
energy demand for most chital females (lactation) coincides with the wet season when feed is most 
abundant and feed quality highest. But for the ~ 30% of females lactating during the dry season 
energy deficits might be expected to occur. Overwhelmingly body condition was related to season 
and this factor potentially swamped the expected effects of age and reproductive state.  
The 11 individual chital recorded in poorest condition (lowest BMF) were all dry season samples 
having less than 17% BMF and represented 13.7% of all animals sampled during the dry seasons. 
Of these, all at risk of death by starvation, all but two had increased metabolic demands for energy. 
Two female animals were lactating, one young (< 1 year) male weighed only 27 kg, three females 
less than 1.5-year-old were pregnant, and three adult males were in hard antler, presumed rutting.  
Identifying those cohorts most susceptible to death by starvation allows some conclusions on the 
composition and resilience (Hanks 1981) of the remaining population. The survival of dependent 
young can be expected to be lowest (Eberhardt 2002) associated with poor condition of lactating 
females, especially those born during the dry season. Similarly, adult females lactating during the 
dry season are at an increased risk of starvation. The resultant population would be comprised of 
individuals with an age distribution skewed towards mature animals and a sex ratio skewed toward 
females (Clutton–Brock & Coulson 2002).  
While mortalities undoubtedly occurred as a direct result of starvation it follows that animals with 
less fat are also more vulnerable to death by other means. Secondary risk factors associated with 
reduced body condition include the need to travel further for food and the reduced ability of 
individuals to escape predation. Chital in northern Queensland represent a food source for wild dogs 
with more than 40% of wild dog scats collected at Spyglass and Niall stations during 2016 
containing chital hair (Forsyth et al. unpublished data). Contracting water sources likely 
exacerbated the nutritional shortfall for chital which rely on drinking at least daily (Dinerstein 
1980). This likely increased the energy required to travel to more distant grazing areas. The ability 
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of chital to alter their diet, increase their feeding area, or increase time spent feeding in response to 
food shortage was insufficient to meet nutritional requirements during 2014–2016. 
7.4.3 Population dynamics of the Burdekin chital herd 
Fat reserves in other animal populations have served as a barometer of herd health and 
sustainability. Juvenile survival and fecundity of Himalayan thar (Hemitragus jemlahicus) in New 
Zealand were related to body condition where high density populations closer to the point of release 
displayed lower rates of increase than those at lower densities away from the site of release 
(Caughley 1970a). As Caughley suggested, female fat reserves in summer is an index relating to 
rate of increase for thar, so BMF taken in the dry season seems a similarly informative index for 
chital.  
If the years prior to 2013 represent an eruption in chital numbers, subsequent years (2014/15) may 
represent a crash caused by forage depletion subsequent to drought. Caughley (1970a, p. 53) 
defined an irruptive fluctuation as ‘an increase in numbers over at least two generations, followed 
by a marked decline’. This eruptive (Riney 1955), or irruptive (Leopold 1943; Gross et al. 2010) 
pattern of herbivore population dynamics where numbers overshoot sustainable levels has been 
documented in red deer (Riney 1955), thar (Caughley 1970a), and reindeer (Klein 1968). Caughley 
(1979) noted eruptive dynamics as being normal for herbivores with the present example displaying 
characteristics of eruptions observed elsewhere in which sustained increases in populations were 
reversed by severe weather (Klein 1968) and resource depletion (Caughley 1970a). Riney (1964, p. 
261) states ‘introduced populations of large herbivores, if undisturbed usually follow a period of 
adjustment to the new environment which consists of a single eruptive oscillation’, which implies 
populations find a new and more sustainable, but variable equilibrium. The possibility that the 
variability of rainfall in northern Queensland determines a semi-regular series of eruptive events is a 
testable hypothesis requiring larger scale and longer-term population records.  
The multi-year cycles of forage availability in the Burdekin region show great variation with low 
points in 1995 and 2004 (Figure 7.2) according to FORAGE model predictions. These predictions 
of TSDM and ‘Growth’ are supported by vegetation studies conducted on Spyglass station in 
October 2015 (dry season) and March 2016 (wet season) (Watter et al. 2019 unpublished) which 
measured presence and height of grasses, forbs and shrubs contributing to chital diet. The product 
of plant percentage cover and plant height produced a total increase in the biomass index of 
approximately 600% from the dry to the wet season with similar increases in ‘greenness’, a good 
correlate with diet quality. Chital body condition (KFI) during 2014–2016 showed significant 
correlation with rainfall over the previous six-month period although the predictive value of this 
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relationship should be treated with caution as the effective data points are limited to four. Estimates 
of total standing dry matter generated by FORAGE suggest that pasture conditions similar to those 
observed in 2015 might have occurred many times since the 1890s. Jesser (2005) reported a 
population decline in the Charters Towers chital herd attributable to drought conditions of 2003–04. 
The sensitivity of chital to periodic droughts in northern Queensland and the possibility that chital 
might have experienced a succession of eruptive events, may explain the modest rate of expansion 
of the species since 1886. 
7.4.4 Future spread of chital 
Climatch (ABARES 2019), which uses bioclimatic comparisons between the native and introduced 
ranges of animals to predict suitability of the introduced range, suggests chital have the potential to 
expand across large areas of northern Australia. Moriarty (2004) however, acknowledges area and 
animal specific limitations to making such predictions. One such limitation for chital appears to be 
an inability to cope with the forage shortages that characterise much of northern Australia. The 
frequency at which chital drink and the distance they travel from water may also limit their 
distribution. Dinerstein (1980) found chital in Nepal were rarely found more than 2 km from water, 
while Amos (unpublished data) found radio-collared chital in our study area mostly remained 
within 3 km of water. Areas of northern Australia more distant from permanent water are unlikely 
to support chital populations despite climatic similarities with their countries of origin. 
7.5 Conclusion 
Although limited to two years, our results suggest that under drought conditions chital deer in 
northern Queensland do experience a marked decline in body condition. Hence, poor nutrition and 
inadequate fat reserves could explain the collapse of chital populations. We hypothesise that historic 
forage supply shortfalls may have been substantial enough to cause major population declines and 
may have reduced the capacity of chital herds to expand and spread. This apparently irruptive 
dynamic might be confirmed through studies of longer duration including multi-year periods when 
the rate of increase of the population was not food limited. Models of irruptive dynamics applied to 
animal populations require data sets over a longer period of time (typically 20 years) than are 
available for chital (Forsyth & Caley 2006). The potential for chital to become invasive in northern 
Queensland appears to be limited by drought mortality, and the rate of increase of the population is 
reflected in both the KFI and BMF. BMF taken during the dry season is the most useful gauge of 
the nutritional status of wild chital, and indicates the likely trajectory of the population.   
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Plate 8. Group of chital stags, Maryvale 2013. 
Photo: S. Robinson 
8.1 Introduction 
Since European colonisation there have been 15 ungulate introductions to Australia which have 
resulted in free-living populations (Bomford & Hart 2002), including six species of deer, all of 
which have the potential to increase their current abundance and distribution (Davis et al. 2016). 
The impacts of naturalisation of non-native ungulate species are varied according to context but 
include reduced abundance of native wildlife (Dolman & Wäber 2008), degradation of ecological 
communities (Husheer et al. 2003), disease transmission (Bengis et al. 2002), and dietary overlap 
with domestic livestock (Hansen & Reid 1975). 
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Chital deer (Axis axis) maintain a distribution close to their point of release in the Burdekin dry 
tropics north of Charters Towers in Queensland. Since their original release on Maryvale station in 
1886, the local population has spread some 100 km and reached an estimated population of 32,000 
animals with densities varying widely across the range from negligible to > 170/km2 (Brennan & 
Pople 2016). Other herbivores reliant on the same forage resources include three principal species 
of macropod, eastern grey kangaroo (Macropus giganteus), red kangaroo (M. rufus) and common 
wallaroo (M. robustus) present at a combined average density of 4.4/km2 in 2014 (State of 
Queensland 2018), and cattle (Bos indicus) present at approximately 5–25/km2 (McIvor 2012). 
Landholder attitudes to feral deer in the Burdekin district have changed in the period from 1990 
concurrent with an observed increase in their population from that time. Current attitudes of 
landholders to chital are predominantly (although not uniformly) negative, with the belief that they 
compete with cattle for grazing resources (Brennan & Pople 2016).  
Predominant land use in the Burdekin dry tropics is extensive production of beef cattle, average 
property sizes being about 30,000 ha carrying an average herd of about 3,400 cattle (McIvor 2012). 
As with the entirety of northern Australia, the primary limitation to beef production in northern 
Queensland is nutrition in terms of both seasonal availability and quality (McCown 1981). In the 
dry tropics rainfall is concentrated over summer months resulting in an annual nutritional shortfall 
for both cattle (McLean et al. 1983) and chital (Chapter 7) prior to the onset of the wet season. Dry 
season pastures lack aerial biomass as well as nutritional quality and ungulates are limited in terms 
of energy, protein and micronutrients. The principal deficiencies are energy and protein (Mlay et al. 
2006) although cattle in northern Queensland show responses to supplementation of minerals 
including P (Ternouth 1990), Na and S (Hunter et al. 1979). Nutritional deficiencies affect cattle by 
reducing growth rates and reproductive output. While supplementary dry season feeding of cattle is 
intended to overcome specific nutritional shortfalls, most particularly nitrogen, the success of 
feeding regimes is reliant on there being enough standing dry grass to provide a source of 
carbohydrate. It is common to feed nitrogen in the form of urea in a substrate of either molasses or 
salt (Holroyd et al. 1977), with the principal benefit to cattle being the stimulation of rumen 
microbial protein production (McLennan et al. 1981b) and increased intake and digestibility of poor 
quality roughage (Iwuanyanwu et al. 1990). To conserve grass through an extended dry season 
stocking rates of cattle need to be managed as well as other herbivores competing for the same 
resources. 
While both macropods and cattle are considered primarily grazers, chital are known to alter their 
diet seasonally and exploit a range of non-grass forages including forbs, shrubs and trees (Dave 
2008). The change from grazer during the wet season to mixed feeder during the dry season 
95 
(Chapter 4) means that the level of dietary overlap between chital and cattle varies throughout the 
year. During the wet season when all forms of vegetation including grass are abundant, the 
commercial impact of chital grazing agricultural land is negligible; however, during the dry season 
when seasonal rainfall, plant growth and pasture biomass are predictably low, the grass consumed 
by chital throughout the year is a cost to cattle production. This chapter estimates the relative 
seasonal intakes of grass by cattle and chital and thus the herbivory cost of chital co-grazing 
pastures with cattle.  
While ‘grazing equivalents’ are commonly referred to in Australian agriculture, much is either 
assumed or extrapolated from another species. Australian ‘dry sheep equivalents’ refer to the energy 
required to maintain a 45 kg merino wether, which on an energy basis equates to about 2.1x for a 45 
kg fallow deer (Dama dama) (Tuckwell 2003), or 0.4x for eastern grey kangaroos (Dawson & 
Munn 2007). However, competition between grazing animals may vary according to the degree of 
dietary overlap between forage species consumed within and between seasons (Dawson & Munn 
2007). Where food is abundant and herbivores can display preference for types of food, niche 
partitioning may result in little dietary overlap. During the dry season when food availability is 
restricted, competition between grazers would be expected to increase (Mishra et al. 2004).  
The diet composition of cattle and chital was estimated during one dry season and during the 
following wet season. Grass to non-grass ratios of the cattle diet were estimated using faecal Near 
Infrared Reflectance Spectroscopy (fNIRS). This technique differentiates between non-digested 
tropical grass (C4 species) and non-grass (C3 species) in faecal matter which has been shown to 
correspond to C4 : C3 ratios in the diet (Coates & Dixon 2007). Estimations of grass intake of chital 
were made by macroscopic examination of rumen contents reported in Chapter 4. 
The basis for comparing grass intakes between cattle and chital was the relative requirement each 
species has for energy. By applying known energy requirements for cattle and chital, the estimated 
metabolisable energy contents of tropical grasses, and the relative intake of grass by both species, I 
determined a grazing equivalent based on grass consumed. This ‘energy’ model used for 
comparison between chital and cattle makes two necessary assumptions. Firstly, that food intakes of 
both cattle and chital are at maintenance levels for energy year-round rather than increased levels 
required for both growth and reproduction. The second assumption is that both animals utilise the 
environment in a similar spatial manner. The factors by which the two species are compared are the 
differences in seasonal intake of grass and the differences in efficiency of grass utilisation while 
considering the wet and dry season differences in the metabolisable energy (ME) of available grass. 
The unit of comparison is the relative seasonal dry matter (DM) consumption of grass by chital and 
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cattle which results in average sized chital and cattle maintaining body weight. This measure is 
meaningful to cattle producers who may view increasing chital numbers in terms of a reduction in 
the carrying capacity of their grazing land for cattle.   
8.2 Materials and methods 
8.2.1 Study area and climate 
The study site Spyglass station has been previously described in Chapter 4. The district experiences 
seasonal rainfall with 79% of the average (598 mm) falling in the five months from November 
(Stone et al. 2019). Average maximum temperatures in summer are 34° C (December) and 
minimum averages in winter are 11° C (July). 
8.2.2 Estimation of grass intake by cattle and chital 
In October 2015 and March 2016 the diet of approximately 20 cattle and 20 chital was assessed by 
fNIRS and macroscopic examination of rumen contents respectively. These times were chosen to 
represent periods of minimal and maximal pasture biomass. The method of estimating the 
proportion of grass eaten by chital was macroscopic examination of rumen contents of 20 animals 
necropsied and weighed during the wet season and 20 during the dry season as described in Chapter 
4. Cattle diet was assessed by fNIRS, which is a non-invasive method that utilised faecal deposits 
(pats) from the same area and during the same seasons as chital were sampled on Spyglass station.  
8.2.3 fNIRS analysis of cattle faeces 
Faecal samples from 20 individual pats were collected in both October 2015 and March 2016, 
bagged and frozen for transport to the laboratory. There they were thawed, oven dried at 60° C for 
eight hours, and ground using a centrifugal mill, Foss Cyclotec 1093 (Hillerød, Denmark) to 1 mm, 
re-dried overnight at 60o C and scanned using a Foss 6500 Near-infrared spectrometer (Hillerød, 
Denmark) at the University of Queensland, Gatton campus. Analysis of faecal samples was done 
using the prediction equation (Coates & Dixon 2008) derived from cattle fed diets containing 
tropical (C4 ) grasses and (C3) non-grasses which predominate in the tropics..  
8.2.4 Method used to estimate grazing equivalents of cattle and chital 
The variation in the value of food plants to grazing animals is principally due to differences in the 
digestible energy (DE) of foods and secondarily due to animal differences in converting DE to ME. 
Energy available to animals from food is ME and can be estimated by applying a coefficient (which 
is species specific) to the measured DE of a food. This coefficient is empirically derived and is a 
measure of the efficiency with which animals convert DE to ME (Dryden 2011). Although the 
97 
conversion is influenced by the quality of forage that animals receive (Galyean et al. 2016), this was 
not a factor in this study which compared different ruminants accessing the same forage. For cattle 
the conversion factor of 0.82 is reliable in the absence of predictions of energy loss through urine 
and methane (Tedeschi et al. 2017) and ranges in deer species from 0.83 to 0.88 (Dryden 2011). 
With no conversion factor available for chital I used (0.85), that of rusa deer (Cervus timorensis) 
(Dryden 2011), which is a similar sized Asiatic cervid. Higher conversion factors in cervids suggest 
that deer convert DE to ME more efficiently than cattle. ME of food is converted to net energy (NE) 
available to the animal, and predicted by the equation (for maintenance), MEm = NEm / km, where km 
is the efficiency of conversion of ME to NE, (km = 0.02 M/D + 0.5), and M/D is the metaboliseable 
energy content of the food, (MJ/kg DM) (Dryden 2011).  
The nutritive value of tropical grasses in the Charters Towers region varies principally according to 
the stage of growth, with actively growing plants in the wet season having higher dry matter 
digestibilities (DMD) and ME values than senescent dry season plants (McIvor 1981). Only minor 
differences in DMD were attributed to either specie or differences between leaf and stem from three 
grass species reported. Mean wet season DMD was approximately 65%, reducing to approximately 
40% in the dry season (McIvor 1981) corresponding to ME values of 9.0 MJ ME/kg DM and 4.8 
MJ ME/kg DM, (ME = 0.17 DMD% – 2.0) (Moran 2005). 
The average net energy requirement for maintenance of non-lactating adult deer and cattle is 0.39 
MJ/kg0.75/day (Dryden 2011) and 0.322 MJ/kg0.75/day (Lofgreen & Garrett 1968) respectively. 
Comparisons between grass consumption of chital and cattle were made on the basis of the 
proportion of grass in the diet, the seasonal ME content of the grass and the animals’ net daily 
requirement for energy. 
8.2.5 Method used to analyse grass intake 
Grass intake of chital during the wet and dry seasons was compared using two-way ANOVA. Data 
were first adjusted by angular transformation (arcsine) and checked using a residual plot to ensure 
normality and homogeneity of variances (Chapter 4). The proportion of grass in the wet and dry 
season cattle pats was compared using students T-test assuming unequal variances. 
8.3 Results  
8.3.1 Diet composition 
Chital diet analysis by macroscopic examination of rumen contents showed a significantly 
(P < 0.01, t = 10.1) greater utilisation of grass during the wet season (mean = 95%, n = 20) 
compared with the dry season (mean 54%, n = 18), (from Chapter 4). By contrast, the grass intake 
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of cattle showed less seasonal variation and there was no difference (P > 0.05, t = 1.54) between the 
wet season (mean = 91%, n = 22) and dry season (mean = 88%, n = 20) (Figure 8.1).  
 
Figure 8.1. Percentage (± standard error) of grass in the diet of chital and cattle during wet (grey) and dry (black) 
seasons.  
8.3.2 Estimate of chital grazing equivalent to cattle 
The average weight of 163 adult chital carcasses including gut fill was 55.2 kg from 73 males 
(mean = 69.2 kg, SE = 1.56) and 90 females (43.8 kg, SE = 0.75). The average net energy 
requirement for maintenance of non-lactating adult deer is 0.39 MJ/kg0.75/day irrespective of species 
(Dryden 2011), and the average daily net energy requirement would be 7.9 MJ.. 
The net energy requirement for maintenance of cattle is 0.322 MJ/kg0.75/day (Lofgreen & Garrett 
1968). A non-pregnant and non-lactating cow weighing 450 kg would require 31.5 MJ NE/day. The 
total NE required to maintain a 450 kg cow is four times the NE required for an average weight 
chital deer.  
The comparison of chital diet to cattle diet is restricted hereafter to the grass component, as this is 
the predominant portion of cattle diet. The greatest dietary overlap between chital and cattle 
occured during the wet season when both species ate predominantly grass. Using a wet season ME 
value for grass of 9.0 MJ/kg DM and dry season value of 4.8 MJ/kg DM (McIvor 1981), the daily 
grass consumption by cattle and chital can be calculated (Table 8.1), and so the degree of 
competition estimated. For the purpose of estimating daily grass intake it is assumed that both cattle 
and deer were consuming food at a maintenance level. 
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Table 8.1. Dry weight of grass eaten per day by cattle and chital during wet and dry seasons based on maintenance 
metabolic rates of both cattle and chital. 
 Grass 
in diet 
(%) 
Net energy 
requirement 
(MJ/day) 
ME content 
of grass 
(MJ/kg DM) 
km ME 
requireme
nt (MJ/day) 
ME from 
grass/day 
(MJ/day) 
Grass 
per day 
(kg DM) 
Cattle wet 
season  
91 31.5 9.0 0.68 46.3 42.1 4.7 
Chital wet 
season  
96 7.9 9.0 0.68 11.6 11.1 1.2 
Cattle dry 
season  
88 31.5 4.8 0.6 52.5 46.5 9.7 
Chital dry 
season  
53 7.9 4.8 0.6 13.1 6.9 1.4 
 
The proportion of grass in cattle diets declined from 91% to 88% between wet and dry seasons, 
indicating that at maintenance DM grass intake would increase from 4.7 to 9.7 kg per day 
respectively (Table 8.1). This would occur with a concurrent decline in feed quality of the grass 
from 9.0 to 4.8 MJ ME/kg DM. Wet season consumption of grass by chital was 96% of the diet (1.2 
kg/day DM) and reduced during the dry season to 53% (1.4 kg/day DM). 
Although net energy requirements of chital and cattle would equate one cow to four chital annually, 
the degree of overlap and partitioning between diets suggests that the relationship in terms of 
competition for food is different. In terms of grazing pressure on the grass component of the 
pasture, a chital consumes approximately 25% of the amount of grass a cow consumes during the 
wet season and 15% during the dry season (450 kg cow, 55 kg chital, non-pregnant and non-
lactating, maintenance ration). On a grass only basis, one cow consumes approximately the same as 
four chital during the wet season, and seven chital during the dry season.  
8.4 Discussion 
Comparison of the diet of chital and cattle indicates a different and variable reliance on grass. While 
cattle consumed grass at a constant proportion of around 90% of intake, the proportion of grass 
intake by chital varied significantly between seasons. Grass was the dominant plant species in both 
seasons (Chapter 4) and while cattle intake reflected availability, chital intake reflected stage of 
plant development. Cattle preferred grass in both seasons, taking both the actively growing and 
senescent form of the plant consistent with their morphological classification as ‘grass and 
roughage’ eaters (Hofmann 1989). Their proportionally large rumen increases their ability to utilise 
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poor quality roughage (cellulose) by microbial digestion in a way concentrate selectors and 
intermediate feeders cannot. Using the same model, chital are classified as intermediate feeders 
predicted to optimise their diet through plant selection.  
Chital impact the standing crop of grass proportionately less than cattle do for two major reasons. 
Principally, the NE requirement of chital, which is a function of body weight, is considerably less 
and in addition their intake of grass reduces in the dry season. The extent to which they impact the 
grazing potential of cattle properties in the region depends on chital abundance which is not 
uniform; specific areas of high soil fertility (Watter et al. 2019a) support high chital densities in a 
broad environment where densities are very low (Brennan & Pople 2016). Nevertheless, some 
landholders report more than 1,000 resident chital on their properties, which may have material 
effects on the productivity of cattle. The economic impact of free ranging chital to a grazing 
enterprise in terms of forage depletion is likely to be somewhere between the two seasonal 
estimates for competition for grass. That is, for every 100 chital a property supports it could 
potentially support another 25 cattle during the wet season and 14 cattle during the dry season.   
The calculation used to compare the grazing equivalent of chital deer and cattle offers a snapshot of 
grass eaten daily during the wet and dry seasons. Although feed is abundant during the wet season 
and chital do not pose a limitation to cattle production at that time, their presence during the wet 
season does reduce the available grass in the following dry season. Grass that chital eat during the 
wet is not available for cattle during the dry. 
One limitation to the present study was that different methods were used to measure the grass intake 
of chital and cattle. Macroscopic examination of rumen contents has a bias which overestimates 
graminiods and underestimates forbs in the diet due to differential rates of digestion (McInnis et al. 
1983). Estimation of the grass proportion of cattle diet by fNIRS has a variable bias according to the 
composition of non-grass species in the diet (Coates & Dixon 2008). 
Overlap of diet and distribution between chital and cattle support landholder perceptions that chital 
represent an emerging source of competition for grazing resources. Limitations to pasture 
conservation from one wet season to the next arise due the difficulty in controlling non-domestic 
grazing animals. The degree to which this occurs is determined by chital density which influences 
decision making with respect to population control. Further study to assess the cost of chital control 
at varying animal densities may provide cost benefit scales to cattle producers intending to reduce 
chital populations by culling. 
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Chapter 9 General discussion and conclusions 
 
Plate 9. Male chital standing on hindlegs to access a browse tree, Maryvale 2012. 
Photo: S. Robinson 
9.1 Introduction 
The outcomes of ungulate introductions to Australia range from total failures to establish 
sustainable populations to those whose population increase has resulted in them being perceived by 
some as a pest. Forsyth et al. (2004) identified that certain factors have influenced the establishment 
of vertebrates in Australia. Animals which had a greater area of climatically suitable habitat, had 
previously become established elsewhere, had larger overseas ranges and were introduced more 
times tended to be more successful. While these generalisations may hold at large scales, at the finer 
scale of particular animals in specific novel areas, establishment of a long-term population may 
relate more to location-specific influences of nutrition, predation, prevalence of disease and 
acceptance by humans. Little data or analysis is available to identify those influences which 
determine the success or failure of introduced ungulate species at this level. The ability to predict 
species compatibility with habitat should play a significant role in determining policy and 
management to avoid the negative environmental and economic impacts of introduced cervids seen 
both in Australia and elsewhere. There is a need to further this predictive capacity at a scale finer 
than the bioclimatic models which provide only a general basis for site-species compatibility (Davis 
et al. 2016). 
It is important to better understand and quantify the effects that introduced herbivores, in particular 
deer, have had on Australian habitats. These have been described in terms of economic cost to 
102 
agriculture, threats to biodiversity, effects on public health and social impacts. The direct cost of 
controlling rabbits, goats, horses and camels in Australia was estimated at $121 million annually in 
2004 (McLeod 2004), which adjusted for inflation equates to $165 million in 2019 dollar terms in 
addition to loss of agricultural production. The biodiversity cost of introduced herbivores in NSW 
was quantified in 2000 as threatening 147 and 62 vulnerable or endangered plant and animal species 
and a further 28 ecological communities (Coutts-Smith 2007). Although not listed among the 11 
major vertebrate pests in 2004 (McLeod 2004) most species of deer in Australia are generally 
increasing in distribution and abundance (Davis et al. 2016); however, there are few primary studies 
to guide the management of deer in Australia. Different species need to be assessed individually for 
their invasive potential by considering their suitability for their new range. The success of deer 
releases range from those that have failed to thrive to cervid eruptions, for example in New Zealand 
in the 30 years from 1930 as many as three million deer were shot by paid cullers (Nugent and 
Choquenot 2004; Walrond 2019).   
Although chital have maintained a population in the Burdekin region of northern Queensland since 
1886, their long term rate of increase of < 7% is only moderate (Chapter 5). The suitability of a dry 
tropical Australian habitat for this Asian cervid thus seems to have been imperfect. This prompted 
the question ‘what factors in the environment have limited the increase and spread of chital in the 
seasonally dry tropics of Queensland?’ Evidence compiled in this thesis supports the conclusion 
that nutritional shortfalls have been a major determinant in the abundance and distribution of chital 
in this region. Availability, quality and specific deficiencies of nutrition at different temporal and 
spatial scales have influenced the population in different ways.  
The simple aims of this study were outlined in Chapter 1: 
1. What factors have limited the increase in chital numbers since 1886? 
2. What factors contribute to the observed patchiness of chital in the environment? 
These questions have been addressed from a nutritional perspective without considering the 
independent or combined effects of other contributors such as predation, disease or parasitism. The 
answers to these questions are therefore incomplete, but evidence presented here support the links 
between sub-optimal nutrition and reproductive wastage, drought mortality and the observed 
patchiness of chital deer distribution. Other than addressing these aims, this study contributes to 
what is known of the ecology of chital deer in northern Queensland as well as providing a 
perspective on their degree of invasiveness in northern Australia and implications for management.  
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9.2 Discussion 
The focus on diet and nutrition in this thesis acknowledges that these influence almost all aspects of 
animal ecology. Rates of adult and juvenile growth, body condition, timing and success of 
reproduction, as well as regional distribution are all influenced by nutrition. The strategies that 
animals use to maximise growth and reproduction during times when food is abundant, and to 
minimise detriment when food is scarce, are nutritional (Parker et al. 2009).  
The feeding and reproductive strategies of chital which evolved on the Indian subcontinent appear 
‘hard wired’ in the species and have not shifted since the release of this species in Australia; they 
display the same or similar behaviours in their northern Australian habitat. These behaviours did not 
alter with the change to the new environment which presents nutritionally linked challenges to not 
only the chital but also cattle and macropods (see below). Although the outcome for chital in terms 
of population growth may be described as modest, neither do cattle nor macropods occupy the 
landscape in high densities over long periods. For grazing animals the northern Queensland 
environment is harsh. 
The presence of specific plants does not appear to define those areas that chital occupy in the 
rangeland. Of the 42 different plants identified from rumen samples, many were found only from 
one property or season. Chital in northern Queensland consume plants from different plant groups, 
(grasses, forbs, shrubs and trees) as well as food items from leaf litter as they do in Nepal 
(Dinerstein 1979). Seasonal changes in diet are marked and align with a strategy of maximising the 
nutritional value of food plants. More than 90% of the wet season diet is comprised of grass at a 
time when the nutrient content of grass is at its highest, and falls to approximately 50% during the 
dry season at which time the senescent sward is lowest in nutritive value (Poppi & McLennan 
1995). The changes in proportional intake of plant groups through the year relate to seasonal 
preference rather than availability. Grass in both seasons was the most available plant group, but 
during the dry season was least preferred and lowest in nutritive value. That change in habit from 
grazer during the wet season to mixed/browse feeder during the dry season did not, however, result 
in an even plane of nutrition throughout the year. Body condition declined during both the dry 
seasons, indicating the wet season diet was superior in quality to the dry season diet and possibly 
more easily obtained. Personal observations of feeding chital suggest that rumen sized intakes of 
green grass were more easily obtained in summer than browse items in winter. Nevertheless, chital 
were observed taking leaves from above head height during the dry season and less commonly 
standing bipedally to access leaves from trees. Given the opportunity to eat green grass chital 
appear to be a grazing animal as recorded in observational studies from India.  
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In the northern Queensland environment occupied by chital the predominant land use is cattle 
grazing and the perception by some (but not all) landholders is that chital pose an unacceptable 
impost by competing with cattle for grass. This attitude of landholders to chital contrasts with that 
of the late 20th century when in lesser numbers they were afforded a degree of protection. Since 
2014 some landholders have culled large numbers of chital and reduced the population; for 
example, Niall station culled 530 chital during one five-day period in 2014. The data presented here 
indicates a dietary overlap between cattle (which eat almost exclusively grass) and chital that is 
most pronounced during the wet season but also significant during the dry season. Although chital 
do not limit the grass available to cattle during the wet season, the reduction in standing grass 
potentially has a material effect on grass available to cattle during the following dry season. In 
terms of grass intake for every 100 chital a property supports, it could support an additional 25 
cattle during the wet season and 14 cattle during the dry season (Chapter 8).  
Feeding ecology has influenced the rate of increase of wild ungulate populations in Australia 
principally through effects on juvenile survival (McMahon et al. 2011). The non-seasonal 
reproductive strategy of chital, which is shared by other cervids that have evolved close to the 
equator, assumes there is no advantage to reproductive output or calf survival by aligning female 
nutritional requirements with availability or quality of food. Temperate cervid reproduction and 
controlled mating of cattle (in the Burdekin district) align parturition and lactation with early 
summer when growth of grass species is most dependable. Approximately 25% of chital births 
occur outside this time, during the dry season when female body condition is lowest, lactation most 
likely to fail, and calf survival is least assured. Despite the clear seasonality in quality and quantity 
of forage in northern Queensland, chital reproduction appears as loosely seasonal here as in their 
native range. This aspect of their biology remains aligned with their evolutionary past; individual 
chital translocated to temperate environments similarly display non-seasonal patterns of 
reproduction (Asher 2011). A reasonable conclusion based on forage quality and chital body 
condition during the dry season is that a non-seasonal breeding strategy in northern Queensland 
would negatively impact calf survival and recruitment. 
The effect of mineral nutrition on wild ungulate distribution is sparsely reported, but in few places 
do wild herbivores discriminate between areas so clearly as chital in northern Queensland. Chital 
occupy small areas in high densities, while in the broader landscape densities are very low. The 
present study related higher soil and plant mineral concentrations to areas chital occupy over long 
periods. Variations in P in soil and Na in food plants occurred over relatively small spatial scales 
and correlated in a positive way with chital density. The finding that Na appears to be a determinant 
of habitat selection is notable as it has been implicated in the nutritional behaviours of other 
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herbivores worldwide (McNaughton 1990). Zinc was found to be lower in food plants and chital 
serum than that required for optimal reproduction in ruminants and may be a contributor to low 
rates of recruitment.    
This study commenced in the dry season of 2014 with the onset of subnormal rainfall which would 
last throughout the sampling period for animal body condition. The severity of the ensuing drought 
caused hardships for landholders who fed livestock and substantially reduced stocking rates of 
cattle. While the seasonality of rainfall was proportional to average years (80% occurring during 
five months from November) the total rainfall for 2014 and 2015 was reduced by approximately 
50%. This chance scenario gave the opportunity to record the physiological response of individual 
chital and the chital population to nutritional stress. Brennan and Pople (2016) reported population 
declines on Spyglass and Niall stations of ~ 80% during the same period as BMF and KFI were 
measured from animals shot during two consecutive wet and dry seasons. This coincidence allowed 
for body condition measurements from animals in a herd in which individuals, including adults, 
were apparently dying of starvation. BMF, which is utilised last among all stores of body fat, was 
the most sensitive measure of body condition, falling to a mean of about 50% during the dry season 
of 2015. Approximately 14% of individual animals recorded BMF < 17% which by comparison 
with measurements in other food-deprived ungulates indicates survival would be unlikely. 
From a historical and management perspective a question arises: how likely is it that similar low 
rainfall events have limited the chital population in the Burdekin district since 1886? Rainfall 
recordings from the nearby township of Greenvale (19.00° S, 144.98° E) (Commonwealth of 
Australia, Australian Bureau of Meteorology 2019) indicate that on six occasions since 1912 the 
two-year rainfall total has been less than 60% of the two-year mean. The software FORAGE, which 
predicts total pasture dry matter, identifies seven forage shortage events since 1960 of a similar 
magnitude to the 2014–2015 event when total standing dry matter declined below 500 kg/ha (Stone 
et al. 2019). The relationship between the population decline during 2015 (cited in this study) and 
the modelled low points in total standing dry matter from FORAGE make it plausible that chital 
populations in the Burdekin have peaked and crashed many times since 1886. Intermittent drought 
mortality events are then likely to have been a substantial regulator of this chital population and 
may impact the population at an increased level in the future. The forecast increases in frequency of 
drought in northern Australia due to climate change have the potential to increase both the rate and 
magnitude of population declines. If this were to occur in the Burdekin district it is conceivable that 
chital populations would not persist. The near total collapse of the reindeer population on St 
Matthews island in 1964 (Klein 1968) and subsequent extinction on the island is a precedent for 
extreme population decline due to severe weather.  
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From a management perspective population declines due to drought provide opportunities for 
graziers to further reduce chital numbers. Value for effort directed at culling chital would be greater 
during droughts when numbers were naturally low and animals were concentrated around remaining 
water sources. The ‘clumped’ and long-term predictability of chital distribution may increase the 
efficacy of culling efforts compared with species such as sambar (Cervus unicolor) which occupy 
the landscape more homogenously. 
Despite the failure of several releases of chital by acclimatisation societies during the late 1800s 
(Bentley 1978) and the modest success of the Burdekin population, other areas in Queensland may 
be more suited to provide their long-term nutritional requirements (Davis et al. 2016). Comparison 
of the regional densities and stocking rates of other herbivores grazing the Burdekin rangelands 
illustrates this point. Chital distribution there overlaps that of both cattle and macropods which 
similarly fluctuate in density according to rainfall and availability of food. Management of cattle in 
the dry tropics involves controlling stocking rates according to seasonal rainfall, but drought 
management may involve substantial destocking (Landsberg et al. 1998). Long term average 
stocking rates for cattle in the region range from 5–25 /km2 (McIvor 2012) which assumes some 
level of nutritional supplementation and densities fluctuating according to management practices 
(Landsberg et al. 1998). The combined average density of the three principal species of macropods 
in the area, eastern grey kangaroo (M. giganteus), red kangaroo (M. rufus) and common wallaroo 
(M. robustus) according to aerial surveys in 2015 was 3.94/km2 (State of Queensland 2018). Of the 
21 areas surveyed in Queensland during 2015, the Charters Towers region recorded the second 
lowest combined density of macropods (3.94 /km2, mean 28.9 /km2, range 3.1 – 65.5 /km2). This 
state-wide variation in abundance indicates a habitat suitability gradient for macropods, which as a 
mid-sized herbivore may also apply to chital.  
Some areas of Queensland may provide better quality and more consistent nutrition than the 
Burdekin dry tropics. In the Burdekin district at 19° S 80% of rainfall occurs during the summer 
months with an annual summer variability (coefficient of variation) of approximately 50% (Lough 
1991). This contrasts with the south-eastern portion of the state at 27° S where approximately 70% 
of annual rainfall occurs in summer with a variability of < 30%. Winter rainfall variability is 
similarly higher in northern Queensland (80%) than south-eastern Queensland (50%). Using rainfall 
as a reliable proxy for available forage, it follows that the catastrophic population declines which 
occurred during 2014 and 2015 and reportedly around 2003 (Jesser 2005) would have been less 
likely to occur in the southeast where nutritional shortfalls are less frequent. Predictions that higher 
variability of rainfall due to climate change may increase the frequency of severe forage shortage 
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events (Easterling et al. 2000) will likely make the Burdekin dry tropics an increasingly challenging 
habitat for free ranging herbivores.  
In short, even though there are a number of factors that could limit the growth of this deer 
population, it seems that nutritional deficiency is sufficient to explain the lack of continual 
expansion. This deficiency occurs seasonally as the pasture dries, but greater population effects are 
likely to be caused by regular and prolonged deficits due to droughts. The reduced forage quantity 
and quality which I found to profoundly affect adult body condition is likely to affect juvenile 
survival and long term rate of increase of the population. Pronounced variations in the availability 
of minerals appear to influence distribution and may have further influence through effects on 
reproduction. Nutrition thus affects drought resilience, reproductive output and distribution, but the 
overall effect of specific nutritional shortfalls may be greater than the sum of the parts. In a wild 
population incremental levels of success perhaps only occur above minimum thresholds for energy 
and micronutrients. The present study highlights the substantial influence of nutrition in 
determining the distribution and abundance of wild ungulates either as invasive or conservation 
species.  
9.3 Further research 
This research could be used as a basis to profitably explore other environmental factors which have 
limited chital success or to explore aspects of chital ecology which are yet to be documented in 
Australia. The accessibility of chital samples in northern Queensland offers opportunities which are 
not available to studies reliant entirely on observation. The ability to directly sample animals for 
measurable condition indices, dietary intake, mineral consumption and reproductive status offers 
information not easily available by indirect means. Aspects of this research could be expanded, 
acknowledging the difficulties encountered in ‘bottom up’ studies of wildlife. That is, that 
appropriate experimental design requires large sample sizes over long periods of time to affirm 
significant results.  
Findings relating to the reproductive output of chital were made from 64 animals sampled in two 
tranches less than one year apart. More confidence in the results might come from larger numbers 
of females sampled in both above and below average rainfall years. Some lack of precision exists in 
the manner of aging chital by eruption and wear of teeth which may be overcome by utilising the 
cementum annulus method. The discrepancy between methods has been reported in other cervids 
but not been replicated in chital. The significance of accurately estimating the age to which animals 
reproduce relates to the calculation of rate of increase and so has management implications. The 
assertion that chital can produce greater than one offspring per year in wild situations, as has been 
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observed in deer farms, was based on females simultaneously being pregnant and lactating. 
Although difficult to determine in wild herds, the frequency of this rate of reproduction is also 
relevant to management, as is the rate of calf and juvenile mortality. The ability of females to 
successfully lactate is condition dependant (Parker et al. 2009), making it less likely that both those 
females which produce calves during the dry season and those which reproduce more than annually 
will rear calves to adulthood. Longitudinal studies to determine the survival rate of ‘out of season’ 
calves are possible, but would be a significant undertaking in both labour and cost. 
The measurements of chital body condition, available forage and the cited decline in the population 
over two years was linked with modelled estimates of available food to propose that drought 
mortality was a regulator of chital numbers. While this is likely to occur, a longer study would be 
required to determine the corollary that in above average rainfall years body condition should be 
greater, the population should increase and modelled estimates of pasture mass should also increase. 
Further, the effect of condition on reproductive output would be expected to be measurable and 
could be estimated by comparing reproduction in above and below average rainfall years. 
The effects of soil and plant nutrients on wild ungulate distribution are not commonly described in 
the scientific literature. The seminal paper by McNaughton in 1988 describing the distribution of 
mixed herds of African ungulates is unique after 30 years. The relevance of micronutrients to 
ungulate success, behaviour, distribution and migration is arguably under-recognised in ecology. 
Sodium, which influences the behaviour of ungulates worldwide, was shown in this study to be 
more highly concentrated in the food plants from areas where chital density was high, and Zn 
concentrations appear marginal in both food plants and chital sera. This study of micronutrients was 
constrained by scale, time and money as well the lack of any preceding pilot study. A longer study 
would profit from an expanded sampling design which included both seasons (rather than just the 
wet season), all soil types (including poorer soil types where chital density was low) and a greater 
number of properties. Further studies may also include selenium which was not tested in this study 
but in California has been shown to influence reproductive output in free ranging black-tailed deer 
(Odocoileus hemionus columbianus) (Flueck 1994). It is evident that since chital have maintained a 
long term population in the Burdekin district there is no mineral deficiency that precludes their 
growth and reproduction, but sub-optimal nutrients may become a limiting factor in times of 
drought, exacerbating the effects of that drought compared to other areas where these minerals are 
not deficient. Elements which may limit their success may be tested directly by including saliva, 
liver and bone samples from animals in both the wet and dry seasons.  
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One cogent theory to explain the clumped distribution of chital close to homesteads, water (Forsyth 
et al. 2019) and richer soils that was not pursued in this study was that of the ‘human shield effect’ 
(Berger 2007). That is that predation of chital by wild dogs occurs at a reduced rate close to 
homesteads due the presence of people. The extent to which this occurs, and the total impact of wild 
dogs on chital numbers, are further questions to research.       
9.4 Conclusions 
This study identifies sub-optimal nutrition as the likely cause of a slow expansion and possible 
periodic collapse of the chital population since 1886. Nutritional limitations in the form of seasonal 
fluctuations, multi-year droughts and specific mineral shortfalls have negatively influenced body 
condition and likely influenced reproduction and calf survival. An annual average population 
increase of less than 7% suggests that as an invasive species chital have not displayed the same 
capacity for population growth as have either red deer in New Zealand or sambar deer in Victoria 
(Davis et al. 2016). Through a likely series of population expansions and collapses, the success of 
chital in the Burdekin dry tropics has been moderate and their significance as an invasive species 
minor by comparison with many others. Their ability to expand and to cause greater environmental 
or economic impacts has thus been limited by nutrition. This conclusion can only be applied to the 
region incorporated by my data collection and potentially those areas of northern Australia with 
similar rainfall, soil and vegetation profiles. Large areas of Australia experience less variability of 
rainfall and have more reliable forage resources than the Burdekin dry tropics. For the purpose of 
policy and management therefore it should be assumed that chital might have a greater potential to 
increase in numbers and expand their distribution where nutrition is less limiting, and in those areas 
their invasive potential should be reassessed. 
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